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Preface
The continuing need for intercomparison and evaluation of the stratospheric models used in
environmental assessments was made clear at the first annual Atmospheric Effects of
Stratospheric Aircraft component of NASA's High-Speed Research Program (HSRP/AESA)
meeting (January 1991). The predictions of ozone perturbations in response to aircraft injections
of nitrogen oxides were diverse (see chap. 5, NASA ref. public. 1272, Prather, et al., Jan 1992),
there was no ready explanation of these differences and, more importantly, there were no clear
indicators as to which of the simulations might be more accurate. At the urging of Bill Grose,
the modeling community met in the halls during this meeting and agreed to participate in a
"major-effort" modeling workshop to be conducted within a year.
The Stratospheric Models and Measurements (M&M)Workshop was held on 3-7 February 1992
in Satellite Beach, Florida. Substantial revisions and review of the Workshop occurred at the
Second AESA Annual Meeting in May 1992, and the editing and reviewing of the document
were completed over the summer. Model workshops have been held since the mid-1970s,
generally under the auspices of NASA's Upper Atmosphere Programs, when it became important
to make predictions of 03 depletion expected from chlorofluorocarbon emissions. The resources
for this study were provided by three NASA programs: the Atmospheric Chemistry, Modeling
and Analysis Program (successor of the Upper Atmosphere Theory Program, Jack Kaye), the
Upper Atmosphere Research Program (Michael Kurylo), and the AESA studies (Michael Prather
and Howard Wesoky).
This study is the first of these efforts to focus on comparison and "verification" of the models
with stratospheric measurements. The detailed planning of the Workshop agenda involved
members of the atmospheric sciences community who take and analyze measurements: many of
these individuals were not directly involved in the AESA effort and gave their time as part of an
overall interest in understanding the stratosphere. The AESA program is indebted to their
scientific contributions. Results from 14 different modeling groups were evaluated at the
Workshop, which was attended by 35 scientists. This report presents the results of that
evaluation, including many of the plots used to derive the findings. The report also includes an
Executive Summary by the editors. The complete report, including data sets, will be published
on CD-ROM. The model results and measurements included in this report and on the CD-ROM
are in the public domain. Nevertheless, researchers using any of these data sets are strongly
urged to contact and work with the principal investigators involved before republishing any of
these data. Both model results and measurements must be regarded as dated material from 1991:
measurements rely on retrieval algorithms and calibrations which can change and models are
continually developed (e.g., in response to this report), and up-to-date results would likely differ
from those reported here.
Many scientists and professionals contributed to the success of the M&M study. Karen Sage and
Linda Hunt of Lockheed, Inc. at NASA Langley compiled the models and measurements data
sets for the Workshop and for the CD-ROM. Richard Eckman, Robert Seals, and Mary Ann
Smith of NASA Langley Research Center provided administrative support for that effort. Kathy
Wolfe and staff at Atlantic Research Corporation organized the Florida meeting and prepared the
final report. Special thanks for this publication go to Cindy Alami, Nancy Brown, Rose Kendall
and Aylene Kovensky.
Michael J. Prather and Ellis E. Remsberg, editors
30 November 1992
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Executive Summary
This Workshop on Stratospheric Models and Measurements (M&M) marks a significant
expansion in the history of model intercomparisons. It provides a foundation for establishing the
credibility of stratospheric models used in environmental assessments of chlorofluorocarbons,
aircraft emissions, and climate-chemistry interactions. The core of the M&M comparisons
involves the selection of observations of the current stratosphere (i.e., within the last 15 years):
these data are believed to be accurate and representative of certain aspects of stratospheric
chemistry and dynamics that the models should be able to simulate.
Stratospheric assessments of a decade ago relied predominantly on one-dimensional (I-D)
models. The limited observations of the stratosphere then available were often used to define the
1-D diffusive transport. Discrepancies were often explained away as something that a 1-D
"globally averaged" model could not be expected to represent! With the development of two-
dimensional (2-D) and three-dimensional (3-D) stratospheric models for use in these
assessments, it has become increasingly difficult to dismiss these discrepancies between models
and observations. Further, the number and diversity of observations make it almost impossible
to compare a model with all of them. Another consequence of this wealth of not-always-
consistent observations is the publication of papers documenting and "validating" a particular
model in which comparisons are made with a selection of data sets that do not always overlap
with those in other model publications.
Thus, we selected a single set of measurements that all of the stratospheric models should be
asked to simulate. These benchmarks were developed by scientists involved in the taking and
analysis of atmospheric measurements from satellites, balloons, and aircraft, with the help of the
global modeling community. The final selection of case studies (Sections A through O of this
M&M Report) was based on the accuracy and representativeness of the measurements, as well as
the ability to test the different components of the stratospheric models. We summarize here what
we have learned about the models' ability, as a class, to simulate the stratosphere.
We recognize that there are additional research groups using stratospheric models to assess, for
example, chemical changes with climate models and polar ozone depletion with trajectory or
assimilation models. In addition to the 2-D and 3-D stratospheric chemistry models evaluated in
this M&M Workshop, these other models play important roles in environmental assessments.
The M&M effort must expand to include an evaluation of the performance of these more diverse
models (e.g., by comparing with the experiments presented here) in order to establish better
measures of uncertainty for assessments by all of the stratospheric models.
PHOTOCHEMICAL PROCESSES
There is strong evidence that the most important photochemical processes are included in the
models to an accuracy of approximately 40%. The relative abundances of the odd-nitrogen and
chlorine species in the altitude range of 20 and 40 km from selected ATMOS profiles are
reasonably simulated over a large range of photochemical conditions. For example, the observed
ratios NO:NO2 :HNO3 at sunset change from 1:4:12 near 20 km to 20:10:1 near 40 km, and are
well matched by the models. Similarly, the correlations of N20 and CH4, for example, show that
the relative destruction rates, photolysis of N20 versus OH reaction with CH4, are reasonably
modeled. There still remain some problems with the photochemical balance of 03 in the upper
stratosphere (systematic underprediction by 20 to 40%).
In the 15-20 km altitude region, where most ozone depletion is observed, we are hampered by the
lack of suitable measurements of the chemical partitioning. This region of the stratosphere also
ix
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shows the largest differences among the photochemical models, often more than a factor of 2 or
more for key species such as OH.
Modeling of transmission of sunlight in the Schumann-Runge bands of molecular oxygen has
improved, and we now have a new standard for comparison. Scattered sunlight is a significant
component in photolysis of NO2, NO3, HNO3, CIONO2, and N205 in the lower stratosphere.
The equation of radiative transfer in a scattering atmosphere, however, is poorly approximated in
some of the models and adds to the divergence of model calculations, especially for HOx in the
lower stratosphere.
The detailed comparison of photoiysis rates and chemical cycles among the models has always
been and still remains unsatisfactory: when adopting a prescribed atmosphere_ differences sh0u!d
be less than 10% instead of the 30% and more noted here. The modeling groups have agreed that
they are solving the Sarffe b_isic equationslusing tiie Same ciaemica!_and physical constants, and,
thus, it is difficult to understand how the models could differ as much as reported here. Although
uncertainty in the physical "constants" may in some cases exceed these model differences, it
cannot be used to explain inaccurate calculations.
HETEROGENEOUS CHEMICAL PROCESSES
The inclusion of heterogeneous chemical reactions on the global sulfate-layer as a standard
feature in the assessment models began with the 1991 World Meteorological
Organization/United National Envi/0nmental Program O_TTVIO]UNEP) ozone assessment. At
first these reactions (i.e., N205 and CIONO2 reacting with the H20 on the sulfate droplets)
appeared to have little impact on the predicted "mean" ozone abundance, but upon closer
examination of the models, these reactions shift the chemical destruction of 03 in the mid-
latitude lowerstratosphere from NOx catalytic cycles to those involving HOx and Cly with little
net change in the balance between transport and photochemical loss. Thus, predicted trends in
03 become more sensitive to increases in stratospheric chlorine. The modeled trends over the
decade 1980-1990 are similar to those measured, but point to missing processes at high latitudes
in wintertime (i.e., polar stratospheric clouds, which are not included in most of these models).
Global-scale observations support the inclusion of heterogeneous processing of NOx into HNO 3
at rates similar to those adopted here. The seasonality of stratospheric NO2 concentrations (at
sunset from SAGE II) indicates removal of NO2 around wintertime coincident with the sulfate
layer. Models using only gas-phase reactions could not reproduce this large winter-summer
difference in NO2 between 20 and 26 km in the mid latitudes of both hemispheres. In addition,
the LIMS HNO3 profiles and the column _O3 observations support this process of more rapid
conversion to HNO3 at high latitudes with low sun angles.
Further observations of NOy and Cly partitioning in the lower stratosphere, especially below 20
km, should become available from-the recent 1992 ATMOS flights and the extensive ER-2
campaigns (1991-92 AASE-II and 1992-93 SPADE). It is hoped that when UARS data become
publicly available, they will further add to our understanding. These new data would allow a
more rigorous evaluation of the modeling of heterogeneous processes.
STRATOSPHERIC TEMPERATURES AND CIRCULATION
The large differences between the models' and the observed (NMC) temperatures are worrisome
for several reasons. Temperatures in the models are important for calculating both the chemical
and heating rates used to derive the circulation. The sensitivity of the gas-phase photochemistry
to temperature is known, and the differences found here are not consequential. Errors in absolute
X
temperature of, for example, 5K in the lower stratosphere, can be extremely important for
heterogeneous reactions (i.e., the formation of polar stratospheric clouds and the weight % of
H20 in the sulfate layer droplets, which control the rate of C1ONO2 hydrolysis). The concern
over calculation of heterogeneous chemistry in 2-D monthly averaged, zonally averaged models
focusses on the real variations of temperature, and hence heterogeneous rates, over a month
around a latitude circle that must be averaged. Thus, the hydrolysis of N205 -- the most
important heterogeneous reaction in these calculations -- should be representable in these
models, whereas PSCs and the hydrolysis of CIONO2 cannot be represented by a monthly zonal-
mean temperature.
The derived 2-D circulation is, for most models, based on the net heating (Qnet) derived from the
assumed temperatures and ozone distribution. Qnet defines the residual velocity, and a
horizontal diffusion is added to account for 3-D transport by waves that are averaged over in the
residual circulation. The modeled Qnet's are qualitatively similar, but differ significantly from
each other and from a new reference standard derived from the NMC temperature and SBUV
ozone climatologies. Large differences in net heating and circulation cannot be explained by the
temperature differences alone.
We have identified a problem with the derivation of global circulations from Qnet: the
requirement that Qnet must average to zero globally across a pressure surface (which does not
often happen in these calculations) has led to various corrections to the calculated Qnet, e.g.,
offsetting by a constant. Because the stratosphere below 100 mbar at mid latitudes connects with
the pressure surfaces in the tropical troposphere, errors in the 2-D calculation of net heating in
the convective troposphere may impact the polar stratosphere when Qnet is corrected. It seems
clear that the concept of a residual circulation from Qnet must be re-evaluated for the lower
stratosphere.
Since Qlaet describes only part of the transport, and the application of diffusion coefficients
(Kyy'S) is often model dependent, we exanfined the different model circulations with synthetic
tracers using prescribed chemical loss frequencies. For synthetic CFC-like tracers, the spread in
modeled lifetimes is similar to that reported by the different models for the CFCs and N20.
Thus, a large fraction of these difference can be attributed to the different stratospheric
transports.
Overall the vertical and latitudinal distribution of 03, HNO3, CH4, and N20 from satellite
observations were matched by the models, but some patterns in the observed N20 and CH4
global distributions (e.g., semi-annual oscillation in the upper tropical stratosphere) are not
paralleled in the models. As a group, the models perform well at mid to high latitudes between
20 and 30 km. Seasonal variations were well represented except near the winter poles, where
only a few models achieved only partial success. The clear signal of photochemically aged air
(e.g., very low N20) at low altitudes within the winter polar vortex is extremely difficult to
simulate with 2-D models unless the horizontal mixing is suppressed. Also, the models cannot
reproduce some unique features observed in the tropical lower stratosphere that are likely
associated with the circulation: notably the 03 profiles and the O3:NOy ratios. In general, model
representation of transport through the lower stratosphere and across the tropopause is still
uncertain. The new 03 climatology (SBUV and SAGE combined) provides one of the best tests
of tracer gradients across the tropopause.
The modeled tracer correlations between N20, CH4 and the CFCs were quite successful in
simulating the observations. The relative fall-off of these species is primarily a measure of the
chemical loss in the lower stratosphere, but depends on rates of transport in the upper
stratosphere. The case of a synthetic tracer with a trend in tropospheric abundance has clearly
identified a source of curvature in the correlation plot due to the lag in transport time for trace
gases. Improved measurements of the N20-CH4 correlation curve, its scatter, and its deviations
xi
from linearity in different regions of the stratospheremay provide good overall testsof the
models.
Basedon experiments with transient _acers such as radioisotopes from weapons tests or volcanic
clouds, we have found that the atmospheric circulation can vary significantly from year-to-year.
Some of this variation can be viewed as fluctuations about a "mean" circulation that the 2-D
models should _ able to simulate. However, the quasi-biennial oscillation (QBO) in tropical
zonal winds leads to two distinctly separate modes in the stratospheric circulation: different
phases of the QBO are expected to have different wave forcing and hence horizontal mixing
(approximated as diffusion in the 2-D models). Such an isolation of the tropical stratosphere was
observed in the simulations of the Mt. Ruiz volcanic cloud here. The bimodal QBO circulation
poses a fundamental, new problem for the models in that the QBO is exceedingly difficult to
simulate, and further, that assessment calculations would need to be averaged over two or more
years since ozone perturbations may depend on the phase of the QBO.
L=
IMPACT OF ADDITIONAL CHLORINE & BROMINE
How consistent and reliable are the models in predicting the effects of increasing halocarbons?
Clearly the inclusion of heterogeneous (sulfateqayer) c_emistry makes 03 loss below 30 km
altitude more sensitive to the abundance of chlorine and bromine species, and the impact 0fPSCs
(not readily incorporated in 2-D models) would further enhance ozone depletion near the winter
poles.
The cross-correlations of the source gases for these halogens (e.g., the CFCs, halons, CH3Br)
show that the decomposition of these halocarbons and the release of C1 and Br in the lowerY. . Y .
stratosphere is reasonably approximated in the models. The largest uncertainties he m the lower
stratosphere, below 20 kin, where the absolute distributions of CleY and Bry are not yet welldetermined from measurements and where the calculations of catalync cycles are very
different among these models. Although we have extensive observations of CIO and BrO below
20 km from the ER-2 campaigns, which are consistent with observed ozone loss, there remain
uncertainties in absolute calibration, rates, and global representation. Even when the
composition is fixed, the model predictions of key catalytic rates in the mid-latitude stratosphere
(e.g., HO2+C10, C10+O, CIO+BrO) differ by more than a factor of 2 below 20 km. For
example, even the relative role of Bry to Cly in ozone destruction is not well determined.
A more rigorous analysis of the recent and upcoming ER-2 measurements (especially the C10
and BrO abundances) would provide an excellent test for the chemical partitioning in the lower
stratosphere.
=
IMPACT OF ADDITIONAL NOx and H20
In the stratosphere, if the uncertainties of model circulation and transport are reduced so that we
would be able to predict the absolute increase in NOy associated with an aircraft source, then
there is some confidence that the first-order impact on ozone chemistry would be assessed well
by the current models. This confidence comes from the new role of heterogeneous chemistry:
the importance of NOx chemistry to 03 loss below 25 km at mid-latitudes is small even at
background levels of sulfate aerosols; under volcanic conditions, its role is further reduced. This
confidence does not extend to chlorine-catalyzed loss since these cycles may become greatly
enhanced by heterogeneous processing.
Current stratospheric models, even those that "calculate" H20, specify H20 in some way or
another that critically controls the stratospheric abundance. Although these assumptions are
xii
reasonable, they do not adequately represent the physical processes that change H20 near the
tropopause. Therefore, estimates of relative H20 change from stratospheric aircraft injection can
be made, but may be in error if the mechanism for removal of H20 in the mid-latitude
stratosphere is not understood. For example, if the drying-out mechanism fixes the partial
pressure at the tropopause, the prediction would be different than if a fixed flux is removed by
some other mechanism at specified latitudes. Current measurements do not yet allow us to build
a model for the injection and removal of H20 from the lower stratosphere.
The combination of increased H20 and HNO3 (from NOx injection) may have a small direct
impact on the gas-phase photochemistry, but might substantially increase the occurrence of
PSCs. A proper assessment must include the changing stratospheric temperatures (due to long-
term greenhouse forcing as well as ozone loss), the declining levels of Cly in the stratosphere
(reducing the PSC-driven ozone loss), and a validated model for the changes in PSC formation
and chemical processing. All of these, except for the declining Cly, have not yet been tested and
verified in the stratospheric assessment models.
In the troposphere, the addition of NOx from aircraft is expected to enhance tropospheric ozone.
In addition aircraft contrails may generate clouds with subsequent climatic impacts. The models
in this assessment have not been evaluated for their abilities in simulating tropospheric transport,
chemistry, and climate. It is likely that development and "verification" of a new set of 3-D
models will be needed for such assessments.
xiii
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Workshop Objectives
A. Introduction
1. History
The stated objectives of the HSRP/Atmospheric Effects of Stratospheric Aircraft (AESA)
initiative are to support research in the atmospheric sciences that will improve our basic
understanding of the circulation and chemistry of the stratosphere, and that will lead to (interim)
assessments of the impact of a projected fleet of HSCTs on the stratosphere. The two most
recent model comparison workshops were conducted in support of this goal; they occurred in
1987 at Ft. Myers Beach, Florida and in 1988 in Virginia Beach, Virginia [Jackman et al., 1989].
Those workshops were focused on the differences between models used to calculate the
atmospheric effects of the proposed aircraft emissions. The Models and Measurements
Workshop was designed to test these models against atmospheric measurements, and took place
in Satellite Beach (near Cocoa Beach), Florida, on February 3-7, 1992.
2. Goals
The charge to the Models and Measurements (M&M) Committee of AESA was to (1)
establish a standard set of atmospheric measurements that could be used to test the reliability of
atmospheric chemistry models, (2) develop a method for evaluating model-measurement
comparisons, and (3) direct the first major international stratospheric model-measurement
comparison.
The first Committee meetings were held in March and May 1991 to discuss the available data
sets. A wide range of measurements were considered for this purpose. These data include:
ozone column or total ozone; multiple years of ozone, H20, CI--I4, N20, and NO2 distributions;
column estimates of HNO3, NO2, HC1, and HF; satellite distributions of nitric acid; ATMOS and
balloon profiles of various species, radioisotope, and aerosol distributions; and a "climatology"
of polar stratospheric cloud (PSC) occurrences. Certain balloon and aircraft campaigns have
obtained simultaneous data on many species and radicals, such that one can determine
correlations for long-lived trace species, as well as perform checks on fast photochemical
processes.
Multiple years of temperature, wind and geopotential height data are available from which
one can characterize the state of the stratosphere for different seasons and locations. One can
derive certain dynamical quantities from these measurements, and they, in turn, can be used to
diagnose the net transport in both the atmosphere and in models. It is expected that the Upper
Atmosphere Research Satellite (UARS) will provide even more extensive distributions of trace
species, but they may not be publicly archived until late 1993. More importantly, new aircraft
measurement campaigns will be conducted at a range of latitudes and altitudes in the lower
stratosphere during 1992 through 1994. Those data should become available fairly quickly.
Many of the data sets already resided in an Upper Atmosphere Data Pilot (UADP) computer
system at the NASA Langley Research Center. This repository was supplemented with other
measurements during 1991 upon the recommendation and assistance of the M&M Committee
members. Output from the models were gridded in formats that are compatible with the
measurements and then stored in the UADP. They are defined in Section B of this chapter.
Species distributions from the models were compared with the data distributions, and the
Committee members then assessed the accuracy of those comparisons at the week-long meeting
in February 1992.
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This three-volumereport representstheculminationof a year-long activity for the members
of the Committee and, in particular, for each of the modeling groups. In the course of the effort,
errors were found and corrected in individual models, and the observational data sets were
critically evaluated. The results that are documented in Chapters 2 and 3 and in volumes II and
III can be obtained from the UADP data base, and they will be available in CD-ROM format for
further study by the wider community not involved in this limited-attendance Workshop.
It is believed that the need for modei'measurement intercomparisons will continue after
1992, as new observations become available and models impr0ve. It is expected that the present
M&M activity will lead to insight into specific areas of model improvement, and also provide
increasing confidence in the models used for HSRP/AESA and other environmental assessments.
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B. Experiment Definition
This subsection contains the chronology of preparations for the Models and Measurements
Workshop. First, are a series of letters. The idea to have a Models and Measurements Workshop
was introduced in the "Dear Colleague" letter of February 1991 that resulted from the first annual
HSRP/AESA Program meeting [Prather et al., 1992]. The March 1991 letter announced the
subgroups. The letter dated early September 1991 formally invited participants to the Workshop.
In the attached distribution list, members of the M&M organizing committee are denoted by an
asterisk.
Details for the conduct of Experiments A through O are supplied in the multipage letter dated
September 20, 1991. The correction to C-14 boundary conditions for Experiment I was mailed
out on November 22, 1991, and it is attached. The final two pages of this subsection represent
new specifications for Experiments K and L that were prepared at the February 1992 Workshop.
The findings from those calculations are discussed in Volume III. Subsection C of Chapter 1 is
the Workshop Attendance list.
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III/ISA
National Aeronautics and
Space Administration
Washington, D.C.
20546
Reply Io Attn of SE-44 8 Feb 91
Dear Colleague, .._ : __ :_ -: . _ -:_ _.....
_-:- _!:u: z _z_-__7-_-:.: .2 ZZ'Z "_.I..-.L---.:_:_: : " ::
Either Bill Grose or myself has talked to you this past week about participating in an
important new project sponsored by the Atmospheric Effects of Stratospheric Aircraft
component of NASA's High-Speed Research Program. The stated objectives of
HSRP/AESA are to support research in the atmospheric sciences that will improve our
basic understanding of the circulation and chemistry of the stratosphere, and that will lead
to (interim) assessments of the impact of a projected fleet of high-speed civilian transport
aircraft (HSCTs) on the stratosphere. In addition to sponsoring individu_al research
efforts, HSRP/AESA has put together subcommittees or workshops to study specific
topics that are critical to the success of the HSRP/AESA goals (e.g., the Ames Workshop
on Atmospheric Measurements in October 1990; the Emissions Subcommittee),
The assessment of the impact of aircraft exhaust (from projected supersonic fleets) on
stratospheric chemistry, and particularly ozone, will rely on our 2-D and 3-D global
atmospheric models. It has been duly noted at several meetings that the community has
presented and published numerous model simulations for future scenarios, but that we
have no objective (i.e., quasi-standard) criteria for judging which models are "reliable"
for today's atmosphere. The great "2-D Intercomparison of Stratospheric Models" (Sep
88, Virgina Beach, Jackman et al) went a long way toward documenting the similarities
and differences among the available 2-D and 3-D models in terms of both chemistry,
radiation and circulation. This model intercomparison was not immediately followed up
by another because, for one, the community was exhausted, and moreover, the limitations
of a model-model intercomparison had been pushed to the limit.
We must now take the next major step of a model-measurement comparison. Therefore, I
welcome your participation in the 1992 "Stratospheric Models & Measurements: A
Critical Comparison"! Ellis Remsberg has kindly consented to chair this committee; its
members and assignments are listed below. A schedule is also given, culminating in a
January 1992 workshop.
This new intercomparison meeting (Jan 92) will likely include some specific model-
model intercomparisons that have not been adequately answered by the 1988 meeting
(e.g., photolysis rates), but will focus on a set of measurements and parallel model
simulations. The style will be similar to the last comparison, in which one individual
(model or data connections) would take one of the prescribed cases (e.g., total ozone) and
cross-compare all model simulations as well as all the different measurements and their
uncertainties. We will rely on Bob Seals' database as the repository for all observational
data and model simulations, and as the source of the comparisons (graphic or tabular).
This effort is an important new initiative in our community; your responses thus far have
been willing and even enthusiastic. My charge to this committee is (1) to establish a
standard set of atmospheric measurements that can be used to test the reliability of our
models and (2) to develop a method for evaluating model-data comparisons. Please note
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that innovation is as important here as critical review: e.g., in addition to the "traditional"
zonal monthly mean mixing ratios, we should consider family partitioning, species ratios,
and meteorological correlations. The atmosphere has changed significantly since
Nimbus-7, what periods should we focus on? We must establish standards that can be
used to evaluate 3-D as well as 2-D models, climatological as well as assimilated wind
fields. I have chosen to call this effort "Models & Measurements Subcommittee" for
now, but, obviously, a great prize (or at least public acclamation) will be accorded the
originator of a more accurate and catchy title.
MODELS & MEASUREMENTS SUBCOMMITFEE
participant phone [-fax] responsibility
Ellis Remsberg, Chair 804-864-5823 [-6326]
David Fahey 303-497-5277 [-5373]
Bill Grose 804-864-5830 [-6326]
Charley Jackman 301-286-8399 [-2630]
Jack Kaye 202-453-1681 [755-2552]
Doug Kinnison 415-422-7975 [-5844]
Michael Kurylo 202-453-1681 [755-2552]
Malcolm Ko 617-547-6207 [661-6479]
Rich McPeters 301-286-3832 [-3460]
Ron Nagatani 301-763-8071 [-8395]
Paul Newman 301-286-3806 [-3460]
Michael Prather 212-678-5625 [-5552]
Curtis Rinsland 804-864-2699 [-7790]
Bob Seals 804-864-2629 [-7790]
Brian Toon 415-604-5971 [-3625]
Glenn Yue 804-864-2678 [-2671 ]
NOy, N20, H20, CH4
aircraft data
3-D chemical models
2-D chemical models
3-D chemical models
radioisotopes
chemical kinetics
2-D chemical models
Ozone
meteorology
T-pv-constit. fields
3-D chemical models
ATMOS & profiles
database
aerosol models
aerosol data
OTHER STRATOSPHERIC MODELS (INTERNATIONAL, UPPER ATMOSPHERE
PROGRAM, HSRP/AESA) WILL INVITED/EXPECTED TO PARTICIPATE IN THE
WORKSHOP AND MAY BE REPRESENTED AT THE PLANNING MEETINGS.
Our schedule will be somewhat hurried at the beginning, but if we prepare well by the
May meeting, then we can have ample time to get our work done for the January meeting:
March 13-14, 1991 (DC area)
First subcommittee meeting, define types of datasets and model runs.
Decide if we are missing anything.
May 15-16, 1991 (Williamsburg, VA)
Make final decisions on measurement datasets and model simulations.
June-July 1991
Circulate letter defining the formal comparison.
Jan 1992 (4 days, Florida)
Hold the model-data comparison workshop. Must be a small group, no more than 32
participants = above plus other model representatives. Models and Measurements
must have data to Bob Seals by December.
Welcomeaboard,thankyou for theencouragement.PLEASELET ME ORELLIS
KNOW OF CONFLICTSWITH THE MARCH MEETING AS SOONAS POSSIBLE.
Yours,
(fax copy,signedoriginal in mail)
MichaelPrather
Acting Manager
HSRP/AESA
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National Aeronautics and
Space Administration
Washington, D.C.
20546
ReDl_,.oA.r_of: SF_.-44 1 March 1991
Dear Colleagues,
The Models & Measurements Committee for HSRP/AESA will hold its first meeting on
13-14 March 1991 (Wed & Thurs) in Washington DC, at NASA HQ. (I am forwarding
Ellis Remsberg's instructions re the meeting. )
The Models and Measurements Committee Meeting of HSRP/AESA will address three
issues on March 13-14. First, Charley Jackman and Malcolm Ko will each give a brief
summary of the approaches used and problems encountered in the 2-D model
intercomparison and model assessment studies, respectively. Bob Seals will also describe
the data base that is now available for model testing. Then we will have a generic model
discussion for 3D, 2D, and microphysics models. Those persons representing models are
asked to discuss briefly (15-20 minutes with handouts of important points)--a) model
capability (time and space grids, chemical species, and calculation methodology) and
their ideas for model validation, and b) what data are needed for that purpose. Are there
any concerns about the available data or any conflicts between data sets that you have
noticed? Other members representing models will be expected to comment on or add to
those presentations.
Second, persons representing types of data should be prepared to give a brief review and
show some examples of their parameter/species data sets as well as the various sources of
those data. You will not be asked to give a final critical evaluation at this meeting, but
you are asked to report and decide on the most appropriate data sets for comparison at the
May meeting. We will attempt to define those data sets at this March meeting. Are there
innovative ways to use existing data sets for our purposes? At this point we should
identify any other individuals that could assist us in this activity and, if necessary, invite
them to the May meeting.
Finally, we will attempt to define the appropriate ways to validate and compare models
for the AESA study. We will need to specify types of model runs and devise skill tests
for quantifying model/data and model/model agreement. It is hoped that we can make
progress in identifying and perhaps resolving some of the model/data discrepancies by
the time of the May meeting. If there are any questions, please contact either Michael or
me.
Best regards, Ellis
(and Michael)
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Models& MeasurementsCommitteefor HSRP/AESA
Agenda
WEDNESDAY March 13--FederalBuilding 6, Rm5026
(6th andC Streets,acrossfrom Holiday Inn)
9:00--Introduction--Prather/Remsberg
9:20--1988Virginia BeachModel ComparisonWorkshop--Jackman
9:40--1991Virginia BeachModel ComparisonWorkshop--Ko
10:00--ContentandFormatof PresentDataBase--Seals
10:15--Break
10:30--ModelCapabilityandValidation--30min. each(includesdiscussion)
Grose--3D;Jackman--2D;Toon--microphysicsandchemistry
12:00--Lunch
1:00--Qualityandform of existingdatasetsby parameteror species
(McPeters,Remsberg,Kinnison,Rinsland,Fahey--15min each)
Discussionof discrepanciesamongdatasets--20min
2:35--Break
2:50--Qualityof datasets(continued)
(Kurylo, Yue,Nagatani,Newman--15mineach--followedbydiscussion)
4:10--Newdatasetsandinnovativeformsof data--All
4:50--Reviewof day'sfindings
5:00--Adjourn
THURSDAY March 14--FederalBuilding 10,Rm 521J
(NASA Headquarters,6thSt.andIndependenceAve.)
8:30--Discussionon howto validateor waysto testmodelswith data
(transportand/orchemistry)?--All
9:15--Discussionof whatmodelrunsareneeded?
Skill testsfor modelcomparisons?--All
10:30--Break
10:45--Discussionof whatkindsof datadowewant?
How to resolvediscrepanciesamongthosedata?--All
11:30--Summaryof actionitemsandissuesfor May meeting--Remsberg
12:00--Adjourn
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III/ISA
National Aeronautics and
Space Administration
Washington, D.C.
20546
Reply to Altn of:
SE-44 9 September 1991
= _5 =
Dear Colleague,
=
You are invited to participate in "Stratospheric Models & Measurements (M&M)1992: A
Critical Comparison", a workshop on stratospheric chemistry and dynilrnics to be held on
2-7 February 1992 in Satellite Beach, Florida.
Assessment of the impacts of industrial halocarbons or aircraft exhaust on stratospheric
ozone will rely increasingly on our 2-D and 3-D global atmospheric models. It has been
duly noted at several meetings that the community has presented_nd_published=numerous
model simulations for future scenarios, but that we have no objective (i.e., quasi-standard)
criteria for judging whether these models are "reliable" in describing today's atmosphere.
The great "2-D Intercomparison of Stratospheric Models" (September 1988, Virginia
Beach, Jackman et al., 1989) went a long way toward documenting the similarities and
differences among the available 2-D and 3-D models in terms of both chemistry, radiation
and circulation. That model intercomparison was not immediately followed up by another
because, for one, the community was exhausted, and moreover, the model-model
intercomparison had been pushed to the limit (with some notable exceptions).
We now take the next major step of a model-measurement comparison. The charge to the
M&M 1992 workshop is (1) to establish a standard set of atmospheric measurements (with
uncertainties noted!) that can be used to test the reliability of stratospheric chemistry
models, (2) to develop a method for evaluating model-data comparisons, and (3) to
evaluate the ability of our current assessment models to reproduce the present-day
stratosphere. Ellis Remsberg has agreed to chair this effort, and the M&M Committee has
prepared the agenda for this workshop.
The M&M Workshop will be held at the Ramada Inn on Satellite Beach, Florida (near Cape
Canaveral) from Sunday night 2 February 1992 through Friday noon 7 February 1992.
Logistics will be handled by the HSRP/AESA Program office, Attn: Kathy Wolfe, Code
SE-44, NASA Headquarters, Washington, DC 20546 (fax 202-488-7438). You will
receive further information about hotels and transportation from Ms. Wolfe.
The rules of this workshop will be similar to those in 1988: participants will be assigned
one specific task. It will be their responsibility to put together the results from all
participants (models and measurements) for that specific experiment, to cross-compare all
model simulations as well as all the measurements and their uncertainties. This workshop
will include some specific model-model intercomparisons that were not adequately
answered by the 1988 meeting (e.g., photolysis rates), but will focus on a set of
measurements and parallel model simulations. One person from the organizing group has
been selected as the primary presenter and organizer of the discussion of each experiment.
Everyone attending the workshop has been assigned to one of the experiments. (If you are
unhappy with your assignment, you may be able to swap with another attendee.)
The following Table summarizes the topics selected by the organizing committee. Priority
was given to those data sets and model simulations that provide a rigorous test of the global
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stratosphericmodels;specifically,thosethatcanbeperformedwith amajorityof thecurrent
2-D and3-Datmospherichemistrymodels.
TABLE WorkshopTopicsandAssignments
ll
B'
C"
ill
E II
F ,I
G'
ill
lll
j,,
ill
t"
ill
N"
O ,l
Temperatures, Net Radiative Heating, & Residual Circulation
(Nagatani*, Harwood, Stordal)
Stratospheric H20
(Remsberg*, Zvenigorodsky)
Column Ozone
(Newman*, Fisher, Tung)
Ozone Profiles
(McPeters*, Rood, Wuebbles)
Large-Scale Structures in N20 and CH4
(Grose*, Boville)
NOy Absolute Stratospheric Abundance and Distribution
(Zawodny*, Solomon)
Column abundances of HCf, HF, HNO3, NO2, C1ONO2, etc.
(Rinsland*, Bruehl)
Correlation of Long-Lived Species in Simultaneous Observations
(Kawa*, Isaksen, Plumb, Schmidt)
Radionuclides as Exotic Tracers: C-14, Sr-90, Pu-238
(Kinnison*, Sasaki, Weisenstein)
Ruiz Cloud Experiment
(Yue*, Hitchman, Visconti)
Model-Model Comparison of Photolysis Rates (ATMOS)
(Eckman*, Anderson, Yung)
Model-Model Comparison of Radicals, Rates & Budgets (ATMOS)
(Prather*, Douglass, Jadin)
ATMOS Partitioning of the Chemical Families
(Kaye*, Brasseur, Pyle)
Modeled Transport Fluxes of Ozone, NOy, N20
(Ko*, Cariolle)
Model-Model Comparison of Idealized Tracers X 1 & X2
(Jackman*, Garcia, Mahlman)
The quote marks on each lettered topic are proportional to the amount of time likely to be
needed for presentation.
After the results have been digested from all the experiments, it is our desire to have the
author(s) of a given model evaluate its overall performance (e.g., with respect to the
HSRP/AESA concerns in the lower stratosphere). We will then summarize those
atmospheric aspects that most models do well, poorly, or do not attempt, as well as those
areas where the data are clearly inadequate. Format of the final report will be similar to that
for the 1988 Workshop (NASA Conference Publication 3042--orange book), and the
datasets of atmospheric measurements (and possibly model results) will be publicly
available (i.e., published) on CD-ROM and/or through the database.
We will rely on the database at Langley (UADP) as the repository for all observational data
and model simulations, and as the source of the comparisons (graphic or tabular).
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RESULTSFROM THE MODELS must be put into the database before Christmas,
preferably NO LATER THAN 14 December 1991. Note that many of the model results
may have already been put into UADP as a result of the UNEP assessment. You may
update the model used for the UNEP 1992 assessment, but this is not necessary and you
should not spend time making last minute improvements. It is important to examine both
the standard gas-phase chemistry and a heterogeneous-sulfate-layer chemistry as described
below.
The Upper Atmosphere Data Pilot CUADP) at Langley is being operated bY L_da Hunt
(804-864-5856, hunt@uadp) and Karen Sage (804-864-5857, sage@uadp). -Bob Seals has
temporarily shifted to NASA HQ, and the scientific supervision is now under Richard
Eckman and Mary Ann Smith.
UADP fax: (804-864-7790),
@uadp.larc.nasa.gov (128. i55. i7.10):
@ uadp 1.larc. nasa.gov (128.155.17.45)
(Also available on SPAN as UADP or 10.582)
The detailed M&M '92 Workshop agenda and specifications (to be mailed within the week)
will be available in digital format from UADP. Remember, ev_,6ndis responsible for
interpolating their model results to the standard UADP grid for Comparison! The
observational data sets will be on that fo_rn3_a_t:
z* = 16 x logl0(1000/p), 0 - 60 kin, every 2 km [31 levels] :
90S to 90N, every 5 degrees [37 latitudes]
mid-month preferred, otherwise monthly mean [ 12 months].
ALL MODEL CALCULATIONS should result effectively in the equivalent of fixed mixing
ratios as tropospheric boundary conditions (see Table below). Please submit results for the
standard gas-phase chemistry ('Gas') and also the heterogeneous (sulfate layer) chemistry
used in UNEP and defined again below ('Het'). For gas-phase chemistry use JPL 90-1
kinetics and cross-sections, EXCEPT for k[OH + CH4] use k = 3.9E-12 exp(-1885/T)
(based on Ravishankara's new work, review = IUPAC '91).
TABLE Bulk Tropospheric Mixing Ratios for 'current' Stratosphere Runs
yearSS Fll F12 Fl13 Fl14 Fl15 1211 1301 H22 CC14 CH3CC13 CO 2 N20 CH 4
1980SS 149 250 11 3 2 0.4 0.4 41 93 85 334 300 1538
1990SS 253 434 44 7 5 2.0 2.6 92 103 145 350 308 1685
plat ............................................................. > ppt ppm ppb ppb
also fixed: CH3CI= 600 ppt, CH3Br=- 15 ppt, N2= 78%, 02= 21%
These Steady-State scenarios use tropospheric boundary conditions from 2.5 years previous, and are identical
to the UNEP scenarios.
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Definition of Heterogeneous/Sulfate Chemistry ('Het'): we specify a "background" aerosol
for the lower stratosphere in terms of total surface area (cm**2) per unit volume (cm**3),
SA (/cm). SA is defined as a function of z* (log p), latitude and season. The Table below
gives a smoothed/filled recommendations for SA (based on analysis by Poole, Thomason,
& Yue) and corresponds to the lower limit used in the UNEP scenarios. The sulfate-layer
particles are assumed to be H2SO4 + nH20; the exact composition (i.e., water content) will
depend on temperature, but that is not included in this simple parameterization. In the case
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wherethereactionprobability,G2,depends tronglyon theH20 content,wedefineit asa
functionof temperature.Includethefollowingtworeactions:
(1) N205 [+ H20 in aerosol]==> 2 HNO3 G1 = 0.1
(2)C1ONO2[+ H20 aerosol]==>HNO3+ HOC1 G2 = 0.006exp[-0.15*(T-200)]
Theeffectiveratecoefficient(in the"kinetic"limit) is:
K = (meanspeed)/4x SA x G (/sec)
Theaveragespeedis 1.455E4x SQRT(T/mol.wt.)cm/s,butwewill assumea constant
value(mol.wt.= 100,T = 210K) of (meanspeed)/4= 5200cm/s.
TABLE ***LOWER LIMIT*** AEROSOL SURFACE AREA (units = 1E-8/cm)
(Ion) Jan-Feb-Mar-Apr-May 4un Jul-Aug-Sep-Oct-Nov-Dec
z* 60-90N 30-60N 30N-30S 30-60S 60-90S 60-90N 30-60N 30N-30S 30-60S 60-90S
32 0.025 0.025 0.100 0.050 0.025 0.025 0.025 0.10 0.075 0.025
30 0.05 0.075 0.175 0.10 0.050 0.050 0.075 0.175 0.15 0.050
28 0.125 0.175 0.325 0.20 0.125 0.125 0.175 0.325 0.25 0.125
26 0.25 0.25 0.425 0.30 0.25 0.25 0.25 0.425 0.375 0.25
24 0.35 0.375 0.50 0.425 0.35 0.35 0.375 0.50 0.50 0.35
22 0.45 0.50 0.625 0.625 0.50 0.45 0.50 0.625 0.625 0.50
20 0.625 0.625 0.75 0.80 0.75 0.625 0.625 0.75 0.75 0.625
18 0.75 0.75 0.75 1.0 1.0 0.75 0.75 0.75 1.0 1.0
16 0.875 0.875 0.50 1.0 1.125 0.75 0.75 0.50 1.0 1.25
14 1.125 1.125 0.50 1.0 1.25 0.875 0.875 0.50 1.25 1.5
12 1.25 1.25 0.50 1.0 1.25 1.0 1.0 0.50 1.25 1.75
TABLE Summary of Model Calculations for M&M '92
4 'Best Current Atmospheres', Same as Already Done for UNEP:
1990SS Amosphere and (Secondly) I980SS Atmosphere
Gas-phase ('Gas') and Heterogeneous Chemistry ('Het')
4 Single Profile Calculations:
ATMOS Profiles at 31N & 48S Used for Detailed Rates, J-Values ....
Use Both "Gas' and 'Het' Chemistries
3 Multi-Year Gas Tacer Experiments:
Carbon-14
Synthetic Tracers X1 and X2
3 Multi-Year Particle-Gas Tracer Experiments:
Strontium-90 and Pluto niurn-2 3 8
Ruiz Volcanic Cloud
Attendance at the M&M '92 workshop is limited by space, and, hence, is by invitation
only. The workshop is sponsored primarily by the Atmospheric Effects of Stratospheric
Aircraft component of NASA's High-Speed Research Program (HSRP/AESA) with the
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supportof theAtmosphericChemistryModelingandAnalysisProgram(ACMAP,
formerlyUpperAtmosphereTheory)andtheUpperAtmosphereResearchProgram
(UARP). Participationin thiseffort is limited toinvestigatorssupportedby theHSRP,
UARPor ACMAP, aswell asto internationalgroupsparticipatingin HSRPorUNEP
assessments.AttendanceattheFebruary1992M&M Workshopcannotexceed50
participants.If youareunableto attendandwishto sendaSubstitUf_,or if_,ou arenoton
theworkshoplist andwouldlike to attend,pleasecontactEllis Remsberg(fax 804/864-
6326,remsberg@haloe.larc.nasa.gov)r MichaelPrather(fax 212/678-5552,
prather@halo.giss.nasa.gov).Expensesfor themeetingshouldbeabsorbedby existing
grants;foreignparticipantsareexpectedto covertheirowncosts.In caseswhere
participantsareunableto attendwithout somesupport,pleasenotify theHSRP/AESA
Programoffice assoonaspossible,
We look forwardto seeingyou in February.
Yours,
Ellis Remsberg
Chair,M & M Workshop
MichaelPrather
Manager,HSRP/AESA
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National Aeronautics and
Space Administration
Washington, D.C.
20546
SE-44
To:
From:
Date:
Subject."
MEMORANDUM
z _
Models and Measurements '92 Participants
High-Speed Research' l_0_am/Atmospheric Effects of Stratospheric
Aircraft Program Office
September 20, 1991
Models and Measurements (M&M) '92 Detailed Agenda and
Specifications
By now you should have received a letter inviting you to the M&M '92 Workshop to be
held on 2-7 February 1992 in Satellite Beach, Florida. The letter promised that the detailed
agenda and specifications would be mailed within the week. On Ellis Rembsberg's behalf,
I am enclosing the detailed agenda and specifications for the M&M '92 Workshop. If you
have any questions, please contact Ellis Remsberg at 804/864-5823.
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MMW'92==
Models & Measurements '92 Workshop: Detailed Agenda
MMW'92==
History:
From: prather@halo.giss.nasa.gov Tue 17 Sep 91 16:00
From: REMSBERG@HALOE.LARC.NASA.GOV Tue Sep 17 15:12:33 1991
From: REMSBERG@HALOE.LARC.NASA.GOV Sun Sep 15 15:56:56 1991
From: prather@halo.giss.nasa.gov Wed 28 Aug 91 09:50:41
MMW'92==
Notes:
This document is available digitally in the UADP _pper Atmosphere Data Pilot) database at
NASA Langley. A menu selection under the heading "Models & Measurements '92 Workshop"
will contain this file and all of the scenarios and input data required to perform the experiments.
The ASCII format precludes the use of subs/supers so please note carefully the chemical and
mathematical expressions; we have tried to be as standard as possible.
The Upper Atmosphere Data Pilot (UADP) at Langley is being operated by Linda Hunt (804-
864-5856, hunt@uadp.larc.nasa.gov) and Karen Sage (804-864-5857, sage@uadp.larc.nasa.gov).
Bob Seals has temporarily shifted to NASA HQ, and the scientific supervision is now under
Richard Eckman (eckman@dobson.larc.nasa.gov) and Mary Ann Smith.
UADP fax: (804-864-7790),
uadp.larc.nasa.gov (128.155.17.10)
uadp 1 .larc.nasa.gov (128.155.17.45)
Also available on SPAN as UADP or 10.582
If you do not presently have an account on uadp, contact Linda or Karen for access details.
Remember, everyone is responsible for interpolating their model results to the standard UADP
grid for comparison! The observational data sets will be on that format:
z* = 16 x logl0(1000/p), 0 - 60 kin, every 2 km 31 levels
90S to 90N, every 5 degrees 37 latitudes
mid-month preferred, otherwise monthly mean 12 months.
The UNEP bulletins are also available on-line at UADP. Both the UNEP scenarios for
composition and lifetimes and specifications for the heterogeneous chemistry can be selected
through the menu.
There is a directory of M & M participants that we hope to expand to HSRP (High-Speed
Research Program), UARP (Upper Atmosphere Research Program), and ACMAP (Atmospheric
Chemistry Modeling and Analysis Program) investigators. PLEASE SUBMIT YOUR
INTERNET ADDRESS (INCLUDING IP#) ALONG WITH PHONE/FAX NUMBERS TO
Linda Hunt (hunt@uadp) or Karen Sage (sage@uadp) as soon as possible. The directory will be
kept on-line in the UADP database.
MODELERS: If available, we will use the model data put into UADP for the UNEP "1980 SS"
and "1990 SS" atmospheres. Both gas-phase and heterogeneous chemistry calculations will be
considered; heterogeneous chemistry refers to the "lower-limit background sulfate layer"
scenario in the UNEP bulletins. If you did a PSC model, that can also be considered, but be sure
to concisely document the 'different' models that you submit for MMW'92. Please update or
submit your model results before Christmas!
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MMW'92==
Thefollowing list of proposedexperimentsandassignmentshasbeendevelopedfor theModels
andMeasurements'92Workshopby theorganizingcommittee.Any questionsconcerninga
givenexperimentshouldbeaddressedto thepersonselectedto leadthediscussionof that
experimentin February(i.e., thefirst namein thelist). If anyimportantclarificationor
redefinitionoccurs,pleasenotify PratherandRemsbergimmediately,sothatall participantscan
beinformedin a timely manner. - _ ....
PRIORITIES: We believethat all of thesecomparisonsareimportantfor understandingand
calibrating/evaluatingthestratosphericmodels.But if forcedto choose,wewould placethe
comparisonswith thecurrentatmosphereashighestpriority.
A. TemperaturesandNetRadiativeHeating
(Nagatani,Harwood,Stordal) ..............
Thenetradiativeheatingis thefundamental-quantityin2-D modelsfor determiningtheresidual
circulation. In orderto comparerespective2-Dmodels,it is necessaryto comparethe
circulationswithin eachmodel. In thissense,weproposethateachmodelinggroupsupplytheir
net radiativeheatingrates,temperaturebackgroundfield, andmonthlymeanresidualcirculation
(verticalvelocity in cm/sec)for eachmonthoveranannualcycle. Thesenetradiativeheating
rates,temperatures,andcirculationswill becomparedto thosederivedusingNMC temperatures
andSBUV ozonemeasurements.Digital tables(UADPformat)of Kyy, Kzz, andKyz would be
helpful in diagnosingmodeldifferencesfor thetracertransportproblems.
An 8-yearaverageof stratosphericheightandtemperatureanalysesfrom NMC will coverthe
periodfrom November1979to October1986at 8 levels(70,50,30, 10,5, 2, 1,and0.4 mbar).
In addition,thehighandlow temperaturerangesat ten-degreelatitudeintervalswill bearchived.
All modeldatashouldbesuppliedin theUADP format. (N.B.UndersectionK wealso
recommendacomparisonof thesolarheatingandIR netcoolingusingaspecifiedATMOS
referenceprofile, in orderto sortmodeldifferencesdueto radiativecodes.We alsoneedT(z*)
in orderto convertmixing ratiosto densities.)
B. StratosphericH20
(Remsberg,Zvenigorodsky)
Thepredictivecalculationof H20 in globalstratosphericmodelsis limited, andwechoosehere
to considerwateralongwith temperaturesandheatingratesasacheckof themodelinputs.
Therefore,wewill comparetheH20 fieldsfrom themodels(assumedor calculated)with the
availablenear-globaldatasets.Watervapormixing ratioswill bebasedonSAGEII (monthly,
10-50km, 50S-50Nwith somehigherlatitudes),LIMS (monthly, 100mbarto 1mbar,64Sto
84N),andin situmeasurements(AAOE & AASEcampaignsarelimited to high-latitude,lower
stratospherein winter,STEPcoversthetropicaltropopauseregion). Monthly zonalmeansof
stratosphericH20 usedin themodelsshouldbeput in UADP.
C. ColumnOzone
(Newman,Fisher,Tung)
Thecolumnabundanceof ozonehasbeentheclassictestof stratospherichemistrymodels.We
will usetheobservedabundancefrom TOMS for "1980" (anaverageof 1979-1980to eliminate
QBOconsiderations)andalsoa"1990" ozonedistribution. Ratherthanuseactualdata,the
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"1990"referencewill beproducedby superimposingthederivedTOMS decadaltrendversus
latitudeon the "1980"distributionsothatsolarcycleandQBO effectsneednotbe includedin
themodelcalculations.Comparisonwill focuson thebasicclimatologyshownin the "Dobson
map"(03 columnvs. latitudeby month)andon thedecadaltrendobservedby TOMS (Stolarski
et al.,GRL, 18,1015-1018,1991).
D. OzoneProfiles
(McPeters,Rood,Wuebbles)
Theobservedozone profiles (mixing ratio vs latitude and z*) will be derived from a combination
of SBUV and SAGE II. SBUV is global (except for polar night), but cannot resolve the profile
below the ozone maximum. SAGE II has excellent vertical resolution, but less complete global
sampling (often limited to latitudes between 50S and 50N). Due to the non-uniform monthly
sampling of SAGE II, an estimate of the sampling bias will be provided. LIMS ozone is also
available from 100 mbar to 0.1 mbar and extends into polar night and poleward of 50N.
A second possible method of testing the modeled ozone will be to examine the amplitudes and
phases of the annual and semi-annual cycles. Comparisons in this format will emphasize the
seasonal fluctuations about the mean rather than the mean itself. Irrespective of the difference in
vertical resolution and systematic offsets between SAGE II and SBUV, both sets of ozone data
show very close and detailed agreement when compared in this manner. It would be interesting
to use ozonesonde data better to resolve the tropopause, but no one has proposed how usefully to
compare the high frequency, single locale sondes with a zonally, monthly averaged model.
E. Large-Scale Structures in N20 and CH4
(Grose, Boville)
The large-scale structures seen in the near-global maps of N20 and CH4 from SAMS represent a
test of the seasonal transport in the middle stratosphere, plus an estimate of chemical destruction
at low and middle latitudes. The equator-to-pole slope of isolines may be related to competition
between chemistry and transport. The local slope is likely to be controlled by transport in the
lower stratosphere.
Distributions of N20 and CH4 were obtained above 28 km from Nimbus-7 SAMS. The results
are available in UADP in a monthly zonal mean format for 3 successive years--1979, 1980, and
1981. Interannual variations for the monthly data can be noted, as well. The monthly patterns in
the "present-day" (or "I980 SS" UNEP atmosphere) model calculations should agree with
observations to within the precision estimates that have been quoted for those data. Monthly
comparisons will be shown as contours (latitude by z*) of model/data ratios with an increment of
0.1. We will also examine latitude/time plots of the annual cycle of N20 and CH4 at selected z*
levels (10 and 4.2 mbar).
Balloon and ATMOS profiles will augment the SAMS data and point to uncertainties and
discrepancies in instrument calibration. The balloon profiles in UADP are grouped by season
and latitude (10 degree bins) and will include the recent profiles of Schmidt et al. (GRL, 1991) at
68N as well as the earlier "classic" data from NOAA and KFA. Estimates of variability within a
given season will be obtained from the data.
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F. NOy AbsoluteStratosphericAbundanceandDistribution
(Zawodny,Solomon)
Theabsoluteabundanceof odd-nitrogen(NOy) in thestratosphereis key to calculatingthe
abundanceof 03, aswell astherelativeperturbationscausedby additionsof chlorineor aircraft
exhaust.Unfortunately,wehavelimited globaldataon totalNOy thatis independentof
chemicalmodelingof theindividual speciesin thefamily.
Themonthlydistributionsof (NO2+HNO3)fromLIMS will beusedasalower limit estimateof
"1980SS"amaosphericabundanceof NOy from 40 mbarto7 mbar,butarelimited to only part
of theyear. Comparisonswill bein termsof contoursof theNOy model/dataratios. A
determinationof agreementwill takeinto accounttheaccuracyestimatesfor thosetwoLIMS
species.(Thevariancesof LIMS dataabouttheir zonaln'ieansarealsoava_iablefor an
assessmentof effectsof waveactivity in 3-Dchemical/transportmodels.)
ATMOS profilesof mostof theNOy species(seeTableMM1) aswell asdirectaircraft
measurementsof NOy from theER-2 (STEP,AAOE, & AASE campaigns)in the lower
stratosphere(seesectionH) provideindependentmeasuresof theabsoluteabundance.
TheSAGEII measurementsof NO2at sunsetprovidea usefulconstraintonmodeledodd-
nitrogenandareprovidedwith similaraveragingastheozonedata(50S- 50N,20-40km). After
themodelpartitioningof NOy hasbeenevaluatedusingtheATMOS measurements(SectionM),
acomparisonwith theSAGE-II NO2datashouldallow for atestof theseasonaldistributionof
NOy, or at leastNOx.
G. Columnabundancesof HC1,HF, HNO3,NO2,C1ONO2.
(Rinsland,Bruehl)
Theintegratedcolumnabundancesof certainspeciessuchasHC1,HF, HNO3,NO2 and
C1ONO2provideimportantconstraintsonstratosphericmodels. For mostof_l_esespecies,the
columnis dominatedby stratospheric(ratherthantropospheric)concentrationsandis
predominantlyweightedtowardsthelower stratospherewheredensities(notnecessarilymixing
ratios)aregreatest.While theseasonalvariationsin thecolumnatonelocationarea
combinationof stratospherichemistryandchangesin thealtitudeof thetropopause,the
latitudinalpatterns(by aircraft transects)oftenrevealstrikingpatternsthataremeasuresof
verticaltransport(thetropical "V" in HNO3)or acombinationof unusualchemistryand
transportasoneapproachesthewinterpoles.
For latitudinalHC1andHF, therehavebeenseveralpublishedsetsof aircraftmeasurements.For
thepresentwork acomparisonwith the1978-1982measurementsof MankinandCoffey is
recommended(JGR,88,10,776-10784,1983),whichcover5N to 70N. Theseresultsyield a
well-definedlatitudinaldistributionfor bothgases,andareconvenientlycenteredon 1980. Their
measurementsweretakenat aconstantpressurelevelof 197mbar,andthemodeldatawill be
integratedabovethez* = 12km (178mbar)level tocomputethestratosphericolumns. Recent
aircraftcampaignshaverevealedsignificantdifferencesin theHF andHC1totalcolumnsderived
byMankfn_offey andthoseobtain'bedby thegroupat JPL(e.g.,seemeasurementsin Fig. 2
of Kayeet al.,GRL, 17,529-532,1990).However,onarelativebasis,thedatafrom thetwo
groupsareveryconsistent.Therefore,it maybeusefulto normalizetheresultsto thevalueat the
equator.
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H. Correlationof Long-LivedSpeciesin SimultaneousObservations
(Kawa,Isaksen,Plumb,Schmidt)
Direct comparisonof measuredconcentrationsof individual trace gases at a specific latitude,
longitude, and time of year with those computed from a monthly mean, zonally averaged model
are not often meaningful. The natural variability of the atmosphere often shows "folded" or
highly structured profiles that cannot be reproduced by the coarser resolution or limited structure
of the model. Furthermore, no two January's are alike, so even a well measured monthly mean
profile will differ from year to year. However, the essence of chemical transformations in the
stratosphere is contained in the relative decay or production of these tracers (N20, CH4, CFC-
11, CFC-12, HCFC-22, CH3CC13, CH3C1, CC14, CFC-113, CFC-114, 03, NOy, Cly .... ).
Recently, studies have shown that potential vorticity or N20 concentrations provide a useful
coordinate with which to compare concentrations of the species taken at different times and
locations. Several studies have made use of correlation plots of N20-NOy and N20-O3 to
characterize denitrification and ozone loss. More recent theoretical work has related the tracer
correlations to average fluxes and hence lifetimes associated with stratospheric removal.
We will use a combination of aircraft campaign data (STEP, AAOE, AASE), balloon data (KFA-
Schmidt), and ATMOS profiles to define a set of observed tracer correlations. Where helpful we
will include the spatially/temporally averaged SAMS N20 and CH4. Modeled correlations will
be taken from the "1990 SS" (steady-state)UNEP atmosphere. We shall normalize the
observations to account for the increasing tropospheric concentrations of CFCs and CH4. We
will examine basic correlation plots such as 03 vs. N20, or CFC-11 vs. N20. Preliminary
examination of some model results indicate that the following can be expected: (1) most of the
points should lie on a compact curve; (2) points off the compact curves characterize locations
where local photochemical removal rate is sufficiently fast that transport no longer controls the
distribution; and (3) in the lower stratosphere, the curve should be a straight line with the slope
equal to the ratio of the fluxes (hence, lifetimes due to stratospheric removal) of N20 and CFC-
11.
Composite averages of NOy, 03, and the simultaneously measured ratio NOy/O3 will be
constructed as functions of latitude from the three major ER-2 aircraft campaigns, including ferry
and test flights. Data will be averaged over 5 degree latitude intervals at pressures between 50
and 90 mbar. Data from inside the southern polar vortex and poleward of 5 degrees inside the
boundary of the northern polar vortex will be excluded because of the denitrification commonly
observed at these latitudes. Sample standard deviations of the 10-sec average data points within
each latitude interval will also be provided. These data primarily represent the winter season in
each hemisphere. Data are included from approximately 30 flights in the lower stratosphere over
the latitude range from 65S to 70N. Simple overplots of model NOy/O3 ratios versus averaged
data will be shown as line plots (vs. latitude) or contours (latitude by z*).
We assume that your model results (1990 SS boundary conditions) include latitude by z*
distributions of N20, CH4, CFC-11, CFC-12, HCFC-22, CH3CC13, CH3CI, CC14, CFC-113,
CFC-114, 03, NOy and Cly (for at least four months: March 15, June 15, September 15 and
December 15).
I. Radionuclides as Exotic Tracers: C-14, Sr-90
(Kinnison, Sasaki, Weisenstein)
The goals of the C-14 scenario and the subsequent radionuclide experiment are to provide
fundamental tests of dynamical transport in the models that are independent of chemistry.
Further, the injection of these exotic species into the lower stratosphere is somewhat parallel to
23
theproposedHSCTemissions,and,thus,thetimescalesfor theremovalandglobaldispersionof
theseradionuclidesis avery importanttestof themodels.The C-14in thestratosphereis in the
form of CO2andthusactsasapassivegastracer,whereasthemetalSr-90will stick to aerosols
andtheir transportmustalsoincludea settlingvelocity.
Initial distributions(z* by latitude)0fexcessC-14for 15Octoberi963 will bein theUADP
database.The initial distributionsarein unitsof 10E5atomsof excessC:i4per gramof dry air.
By definition, theseunitsareproportionalto mixingratiosandcanbemodeledassuch. Model-
deriveddistributionssubmittedto theUADP databaseshouldbe in unitsof 10E5atomsof excess
C-14pergramof dry air. EachmodelershouldintegrateC-14from 15oc-tober1963to I5
January1971andsaveC-14datain z* versuslatitudeform for eachmonthof this time period.
Thelowerboundaryshouldbespecifiedaccordingto thefollowing equationsgivenin the
appendixof thereferenceby H.S.Johnston("Evaluationof ExcessCarbon-14andStrontium-90
Datafor Suitability to TestTwo-DimensionalStratosphericModels,"JGR,94, 18485-18493,
1989): =
C-14(N.Hem.)= 73.0- 0.27823t - 3.45648E-3t**2 + 4.21159E-5t**3
C-14(S.Hem.)= 44.5+ 1102535 t - 2.13565E-3 t**2 + 8.61853E-5 t**3
where t = months after October 15, 1963. The upper boundary conditions should be specified as
zero flux. .... .... _
Initial distributions (z* versus latitude) for Sr-90 (15 October 1964) will be in the UADP
database. The units are particles per cm**3, but include a conversion to mixing ratio. Since SR-
90 rapidly coalesces on aerosol particles, average settling velocities between 0 and 30 km are
available as latitude-by-z* distributions for this time period. Above 30 km, assume that the
aerosols become small enough to act like a gas. The settling velocities will be in the UADP
database, and we encourage calculations both with and without the prescribed settling velocities.
Each modeler should integrate Sr-90 from 15 October 1964 to 15 January 1971, saving altitude
versus latitude data for each month. The lower boundary values in the model should be fixed
with respect to time at the initial distribution concentrations. The upper boundary values should
be specified as zero flux. (Pu-238 was dropped due to lack of good data.)
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J. Ruiz Cloud Experiment
(Yue, Hitchman, Visconti)
The evolution of fine dust particles from the eruption of a volcano provides a unique tracer of
stratospheric transport. These particles evolve from the SO2 injected by the volcano, are
transported globally, and eventually are removed on time scales of a year by both sedimentation
and large-scale transport. Like the exotic radionuclides, they provide a direct test of the transient
recovery of the stratosphere to tracer perturbations in the lower stratosphere. Importantly, they
also measure the global spread of a locally injected species. The volcano Nevado del Ruiz (5N,
75W) in Colombia erupted on 13 November 1985 and was observed by SAGE II. The observed
optical depth associated with Ruiz reached a maximum in February 1986 and three years later
decayed into the background levels of aerosols left by E1 Chichon (1982). Initial distributions
(z* by latitude) of aerosol size (i.e., mass-weighted mean diameter) will be derived from SAGE
II data, as will the aerosol concentrations in terms of number per cc of air. The SAGE II data are
used to define the isopleths during the following two years, and to derive an e-folding time for
the aerosol mass-loading.
In this study, aerosol particles are treated as one constituent with a single size. Such treatment is
oversimplified: stratospheric aerosols have a large range of sizes that continually change due to
microphysical processes including coagulation, growth, and sedimentation. This simple
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approachto the "chemistry"of stratosphericaerosolsallowsusto proposea generalexperiment
for all participating2-D/3-Dmodels. Thetime-dependentaerosolsizewill bederivedfrom the
SAGEII dataset.Theeffectivefallout velocitieswill thenbecalculatedandwill bedefinedin a
file availablefrom theUADP database.Theinitial aerosolconcentrationswill alsobedefinedin
afile onUADP. Themodelsshouldtransportheaerosolswith themeancirculation(advection
plus diffusion) alongwith asettlingvelocity. Resultsshouldbereportedaszonalmean
concentrationsfor the24monthsfollowing February1986.
K. Model-Model: PhotolysisRates,SolarHeating& IR Cooling
(Eckman,Anderson,Yung)
Thissectionfocuseson thegorydetailsof UV-visible radiativetransferin themodels. We do
nothaveanobvious"measurement"with whichto compare,sowewill focuson model-model
comparisons.THERE ARE STILL UNRESOLVEDDIFFERENCES(factorof 2) FROM THE
1988INTERCOMPARISON.For 02 photodissociation,wewill compareagainstthehigh-
resolutionSchumann-Rungebandmodelput togetherat HarvardandAFGL (GailAnderson,
AFGL) which is basedon recentlabwork (Yoshino,SAO)andis tied to the stratospheric
attenuationdata(Hall & Anderson,JGR,96, 12927-12931,1991).
Thestandardatmosphereis basedon theATMOS occultationprofilesat 31N asgivenin Table
KLM-1. Theotherassumptionsneededfor thephotolysiscalculationsaregivenin TableMM-1,
exceptthatwewill consideronly thecasefor solarzenithangle(SZA)equalto 0 deg.(Of
course,at 31N theSZA is never0 deg,but it wasfelt thatthis wouldmakefor a simpler
intercomparison.)Pleasenotethatphotolysisratesshouldbereportedfor (1) noscatteringAND
with afull scattering/albedomodel,and(2) asatotal J-valueAND thatdueto wavelengths<200
nm. In orderto assessmodeldifferencesin thenetdiabaticheating(sectionA) dueto the
radiativecodes,calculatetheinstantaneousolarUV heatingandIR netcooling,againusingthe
ATMOS dataat 31N andthe 1990SSatmosphere.
L. Model-Model: Radicals,Rates& Budgetsfor ATMOS profiles
(Prather, Douglass, Jadin)
Use the ATMOS profile and scenario calculated above (use real geometries for 31N and 48S),
and report noontime values for certain radicals as well as 24-hour averages of critical rates in the
odd-oxygen budget. The main objective would be to compare the basic budgets of 03 and NOy
across all models (remembering how well we all fared with the model-measurement just above).
Use densities (#/cm**3) and rates (#/cm**3/sec), and the same submittal format as for the J-
values (see Table MM- 1).
(a) noon OH (b) avg OH
(e) noon NO (f) noon NO2
(i) avg NO2+O (d) avg CIO+O
(j) avg C10+BrO (k) avg C1202+hv
noon N (o) avg O
(c) avg O('D)
(g) avg loss NOy
(h) avg HO2+O3
(1) avg NO3+hv=NO+O2
(p) noon O('D)
(d) noon O
(h) avg OH+NO2
(i) avg HO2+NO
(m) avg HOCl+hv (n)
M. ATMOS Partitioning of the Chemical Families
(Kaye, Brasseur, Pyle)
This section tests the ability of the models under highly restricted conditions (i.e., independent of
transport) to partition the chemical families. It uses simultaneous observations from ATMOS of
the NOy family and Cly family at sunrise and sunset. (It will clearly use results from sections K
& L to diagnose model differences in partitioning.)
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Modelsshouldcalculatethephotochemicalsteady-state(i.e.,24-hourperiodic)solutionfor the
radicalspeciesfrom 14km to 50km at 48Sand31N,for earlyMay conditions(solardeclination
= 15deg). Reportcalculatedconcentrationsat sunrise,sunset,noonandmidnight for the
individual speciesof theNOy, Cly, Bry andHOx familiesasdefinedin TableMM- 1. Usethe
ATMOS atmosphereprofiles for 03, temperature,CH4,H20, NOy andCly (seeTableMM-1).
Define 'sunset'for reportingdensitiesasSZA= 90.0degalthoughthestrat0sphereis notdarkat
this time; interpolatein local solartimeif necessary.A separatecalculationusingfixed HNO3
from ATMOS is alsorecommendedusingtheHNO3profilesgivenin TableKLM-1.
CurtisRinslandandothersarein thefinal stagesof preparinganA_ paperon thebudgets
of chlorineandfluorine at 3 IN. After accounting for unobserved species (e.g., CH3CCI3 and F-
113 below 20 km and CIO, HOC1, and COCIF between 20 and 40 km), the ATMOS d_/ta ifidicate
a 31N spring 1985 stratospheric total mixing ratio-of Chlorine equal to 2.61 +/-O. 17 ppbv
throughout the stratosphere, which we adopt here. (This value is consistent with tropospheric
chlorine loading delayed about 5 years.) The following updated 31N ATMOS profiles of
chlorine-containing molecules will be available for the M&M assessment: HCi, CH3CI,
C1ONO2, CC14, CC12F2, CCt3F, and CHCIF2 (Zander et al., 1991). Both gas phase and
heterogeneous cases should be run. Specify sulfate surface area and heterogeneous rates for
N205 and CIONO2 as in the UNEP scenarios bulletin.
N. Modeled Transport Fluxes of Ozone, NOy, N20
(Ko, Cariolle)
The local tendency of the continuity equation (i.e., the rate of change of species' concentration)
can be separated into terms connected with transport and photochemical production/loss. In
order to understand the modeled response of the trace gases to changes in photochemical
environment, we need to examine the magnitudes of these terms. For this, we suggest sending to
the data base the following diagnostic quantities, all of which have the same units (i.e., mixing
ratio/sec):
local chemistry at each grid point of
net chemical production term, (P-L) for 03, N20, NOy
chemical production only
for 03 report sum of rates O2+hv, HO2+NO, and CH3OO+NO
for N20 skip
for NOy report 2 x rate O('D)+N20 -> NO+NO
total photochemical loss for ozone
net transport (flux divergence) due to
vertical advection
horizontal advection
vertical diffusion
horizontal diffusion.
Include results for the 4 months: March 15, June 15, September 15 and December 15. All of
these quantities can be plotted as latitude-by-z* contour maps. We hope to convince groups that
have data assimilation capability to perform some calculations for this comparison.
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O. Model-ModelComparisonof IdealizedTracersX1 & X2
(Jackman,Garcia,Mahlman)
Thissimpleexperimentallowsusto calibratethetransportof thedifferentmodels,isolatingthe
effectof transporton lifetimes.Further,it givesusasimplelead-into thetracercorrelations
(sectionH) andtheirusein lifetime estimates(e.g.,doestheX1-X2 scatterplot stayin astraight
line, acompactcurve?).
Maintain themixing ratioat 1ppbeverywherebelow500mbarandsetthe lossfrequency
independentof latitude& season:
X1 X2
L(p) = 0 0
= 3.0E-6/p**2 1.5E-6/p**2 (/sec)
= 3.0E-6 1.5E-6 (/sec)
for p > 100 mbar
forl <p< 100 mbar
forp< 1 mb
Calculate a steady-state distribution. (Hint: start with a uniform 1 ppb throughout the
stratosphere rather than with none!) Report for both X1 & X2 (a) steady-state lifetimes and (b)
latitude-z* grid of monthly mean mixing ratios.
P. New Frontiers
(All)
What does the future hold? How can we integrate the high-resolution data and 3-D models into
the process of improving our assessment tools? Will we ever be able to 'validate' a model? with
what data?
CHEMICAL FAMILIES:
NOy = NO + NO2 + NO3 + 2xN205 + HNO3 + HONO + HO2NO2 + CIONO2 + BrONO2 ..
NOx = NO + NO2
HOx = OH + HO2
Cly = C1 + 2xC12 + C10 + 2xC1202 + C1ONO2 + HOCI + HC1 + BrC1 +...
Assume 2.61 ppbv everywhere
Bry = BrO + HBr + Br + HOBr + BrONO2 + BrCI + ...
Assume 15 ppt everywhere
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TableMM-1. PhotolysisCalculations(SectionsK & M)
SectionK: UseATMOS backgroundatmosphereprofile for 31N
UseSZA= 0, instantaneousJ-values
Calculateboth
(NS)noRayleighor aerosolextinction(scatteringplusabsorption)
andno surfacealbedo
and (RS)includeRayleigh-phasescatteringandsurfacealbedo= 0.30
Calculateboth ....-_---- _ -
(TOT) J-valuesfrom all solarwavelengihS
and (200) J-valuesonly from wavelengthslessthan200nm
SectionM: UseATMOS backgroundatmosphereprofile for 31N and48S
Useyour 'best'photolysisratecalculationwhich shouldincludeRayleigh-
phasescatteringandsurfacealbedo,if possible.
UsecorrectSZA solardeclinationfor earlyMay:
cos(SZA@ 48S)= sin(+16)x sin(-48)+ cos(+16)x cos(-48)x cos(15t)
SZAat local solarnoon= 64deg
cos(SZA@ 3iN) = sin(+16)x sin(+31)+ cos(+16)x cos(+31)x cos(15t)
SZAat local solarnoon= 15deg
wheret = hourspastlocal solarnoon,andall trig functionsarein deg.
Calculateboth:
CLN) local noon instantaneous rates (Solar Zenith Angle = 0 deg)
and (24) full 24-hour average rates
Calculate the following quantities as a function of z* (0 - 60 km by 2km):
(a) column of 03 overhead
(c) J(O2)
(e) J(O3-->O(3P))
(g) J(NO2)
(i) J(C1ONO2)
(k) J(CFC- 11)
(m) J(H20)
(b) colurnn o(02 overhead
(d) J(NO)
(f) J(O3-->O(1D))
(h) J(HNO3)
(j) J(N20)
(1) J(CFC- 12)
(n) J(N205)
Note: If you include anything else in your calculation (e.g., NO2), then
show its effect separately!
Note: If your model differs from the above set assumptions,
PLEASE DOCUMENT and estimate differences.
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It was determined at the February 1992 Workshop that the original specifications of
ExperimentsK andL wereconfusingto themodelersandthatmeaningfulcomparisonswerenot
possible.Consequentlytheparticipantsdevelopednewspecificationsat theWorkshop;andthese
instructionsaregivenbelow. New modelcalculationswereperformedandsubmittedto thedata
base,andtheresultswerediscussedat anM&M work sessionduringtheMay 1992HSRP/AESA
Annual Meeting in Virginia Beach. Theseresultsare found in SectionsK andL of this final
report.
Section K Model - Model
Repeat the photolysis calculations as given in original Section K, _f, gP.l:
. Realistic geometry
Use the solar zenith angle given for 30N in table MM-I (i.e., solar dec. = +15", SZA @
local noon = 15").
o In the list of photolysis rates
Drop (m) J (H20)
Add J (NO3) _ENO + 02
3. Use ATMOS as high as possible (68 km).
Report J-values only for 0 • 60 km.
4. Do 4 cases (RS+TOT, RS<200, NS+TOT, NS<200)
for noon only (SZA = 15"); Do RS-TOT for 24-hr average.
Section L
Two cases for 30N
1. Gas phase
2. Heterogeneous reactions as specified in original assignment sheet (lower limit)
Use ATMOS NOy, p, T, 03, CH4 H20 as given in attached table
recommendation)
Use radiation field with scattering and 0.30 ground albedo
Calculate HNO3
Use Bry = 15 ppt, constant at all altitudes
Use the Cly profile that is given in the attached table
Calculate your best steady state
Report all quantities between 14 and 52 km
Report the same rates and densities as required in the original section L
(6 Feb 92
29
__ Drop _(n) noonN
Add C10 noon + 24-hr average
HO2 noon + 24-hr average
OH + O 24-hr average
O + 03 24-hr average
For heterogeneous only
N205 + (H20/aerosoI) 24-hr average
C1ONO2 + (H20/aerosol) 24-hr average
Report L-NOy as the 24-hr average of 2 k IN] [NO]
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SE A
Dear Colleague:
The following change has been made to the Models and Measurements Workshop
agenda sent to you in September. The third paragraph under agenda item I (page 6) has been
modified. Please note the correction in the equation for the southern hemisphere lower
boundary value as a function of time (2.13565E-3 was changed to 2.13565E-2). An
additional sentence was added after the equations. The paragraph now reads as follows:
The lower boundary should be specified according to the following equations given in the
appendix of the reference by H. S. Johnston ("Evaluation of Excess Carbon- 14 and
Strontium-90 Data for Suitability to Test Two-Dimensional Stratospheric Models", JGR, 94,
18485-18493, 1989):
C-14 (N.Hem.) = 73.0 - 0.27823 t - 3.45648E-3 t**2 + 4.21159E-5 t**3
C-14 (S.Hem.) = 44.5 + 1.02535 t - 2.13565E-2 t**2 + 8.61853E-5 t**3
where t = months after October 15, 1963. For all times after 15 June 1968, set the lower
boundary values for the Southern Hemisphere equal to the calculated values from the Northern
Hemisphere. The upper boundary conditions should be specified as zero flux.
Linda Hunt and Karen Sage, the UADP database managers, have requested that a//
participants send telephone and fax numbers as well as a current e-mail Intemet address,
including numeric IP number (e.g., 128.155.17.45) and name form with computer username
(e.g., hunt@uadp 1.1arc.nasa.gov). Please send this information to
hunt@uadpl.larc.nasa.gov or sage@uadp2.1arc.nasa.gov. If you are not available via
Internet, let them know how best to reach you. If you do not have access to e-mail, use your
account on the UADP VAX to send them mail. If you need a UADP computer account, let
Linda or Karen know. They can be reached at telephone 804/864-5856 or -5857, or by fax at
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Chapter 2
Summary of Findings

SUMMARY OF FINDINGS
Ellis Remsberg, Michael Prather
The confidence assigned to predictions of future scenarios by assessment models will be
based on conclusions about what those models can do well. We shall make that
judgement from our knowledge of how the models incorporate the known physical and
chemical processes in the atmosphere and, finally, how they are able to simulate
observations of the current atmosphere. This Workshop focusses primarily on the
comparison with observations. A principal byproduct of the Workshop is a determination
of where the models and/or the measurements must be improved in order to enhance that
confidence.
In this Workshop the overall performance of the models is evaluated in terms of both
transport and chemistry. Indeed, when comparing the distribution of trace species in the
stratosphere, the influence of transport and chemistry cannot be readily separated.
Particular attention is given here to the lower stratosphere, where the aircraft emissions
and chlorine-/bromine-induced ozone loss are expected to be most important.
The detailed comparisons with global atmospheric measurements are summarized first
(derived from Sections A through G, Volume II). Such comparisons are traditional for
the global models, and here we have re-examined and codified a database of stratospheric
measurements that provide several independent tests of the models. Results from more
specialized diagnostic studies (Sections H through O, Volume III) provide additional,
independent tests of model performance. Many of these comparisons are new to this
Workshop; some have been used by a few modeling groups but are applied here to all
models, and others represent a continuation of unresolved issues from the last
stratospheric model intercomparison (Jackman et al., 1989). Included in this summary
are some issues of model verification that require further effort. Although many of the
concerns raised here are not new, they have been clarified by the systematic and thorough
comparisons in this Models and Measurements Workshop.
A. Comparisons with Global Atmospheric Measurements
1. Approach
Traditionally, the stratospheric modeling community has compared their multi-
dimensional model results with "present-day" observed distributions of total (i.e.,
column) ozone, with profiles of ozone, CH4, N20, NO2 and HNO3, and with
measurements of HC1 and HF columns as a function of latitude and season. These
comparisons pointed out some successes of the models and also identified serious flaws.
In general there are no simple fixes to the models for many of these discrepancies, and on
occasion the fault has been found to lie with the measurements. We continue this
tradition here by comparing the global-scale dynamical and chemical structure of the
stratosphere in Volume II (Sections A-G).
Typically, the approach has been to validate model transport first. This step has evolved
considerably since the 1-D stratospheric models of the 1970s in which the vertical
diffusion coefficient was adjusted to fit the long-lived tracer data. There is considerable
ambiguity in this approach even with 2-D comparisons since the photochemical model
for CH4 and N20 also controls their predicted distributions. We first examine the
temperatures and net heating rates predicted/used by the models. These comparisons
allow some evaluation of the different circulations in the models, but such measurements
PREeEOIN_ PP_GE BLANK _OT FILMED
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do not uniquely define the stratospheric circulation of trace gases. Special tests of the
modeled transport of trace gases that rely on transient phenomena (e.g., 14CO2 from
nuclear weapons testing) or model-model intercomparison (e.g., synthetic tracers) are
examined in Volume III (Sections H-O).
This part contains a summary of the model simulations of the present-day global
atmosphere, derived from the findings in Sections A through G. Model results using
tropospheric boundary conditions appropriate for 1980 and 199Ohave been documented
and archived in the UADP as part the !_i_ _/WMO Ozone Assessment. In most
cases these results have been updated and augmented for this Workshop because of the
need for additional diagnostics. Most models reported results for two chemistries: one
with gas-phase reactions only ("gas"), and one that also includes heterogeneous reactions
of N205 and CIONO2 on the background sulfate aerosol layer ("het").
Use of multi-year or 3-D data to test the 2-D models is deceptive. We have not clearly
evaluated just what a 2-D, zonally, monthly averaged model should represent in terms of
atmospheric variability. We have identified here, however, significan[ shifts in the
circulation of tracers from some years relative to others (i.e., the QBO), which cannot be
interpreted simply as a generally random year-to-year variability. The most extensive
data sets with multi-year histories are those of ozone and temperature. The 2-D models
would need to use these histories in order to derive a multi-year circulat!0 n based on
heating rates. (The WASH model adopted adiabatic circulation from successive years of
NMC temperatures, but no one has yet coupled both ozone and temperature to derive net
heating.) Multi-year simulations of 03 (with differing circulations) would provide an
important test of the year-to-year variability and help to identify particular modes or
patterns in the zonal mean ozone distribution, which should be correlated with
observations of other tracers such as N20.
2. Model Transport
How well do the models simulate transport in the stratosphere and how do we know?
First, the 2-D residual circulation from the models is compared to a "reference" diabatic
circulation derived from calculations of net heating using climatological averages of
temperature from National Meteorological Center (NMC) and ozone from solar
backscatter ultraviolet (SBUV) (Sections A and B). This comparison is not complete in
that the residual advection alone does not completely define the transport of trace gases in
the stratosphere; some of the 3-D mixing of tracers must be approximated in 2-D models
by a parameterized diffusive transport. Thus, the answer to the opening question must
also include an evaluation of model simulations of 03, CH4, N20, NO2 and HNO3
(Sections C through G). More specific diagnostic tests of model transport are also
available in Sections H, I, J, N and O; they are summarized in Part B of this chapter. The
comparisons with T and H20 have been included here predominantly as a means of
testing the model assumptions, since most models do not yet predict these quantities.
Temperature (Section A)
The temperature structure adopted by the models is important for both the chemistry and
the derived circulation. Almost all of the models specify, rather than calculate, the
monthly mean temperature distributions. Those temperatures have been compared with a
reference climatology of NMC temperatures. Differences in temperature are substantial
among the models and between the models and the NMC temperatures, particularly at
high latitudes in the upper stratosphere. Models (few) that calculate temperatures have
polar regions that generally are too cold; an exception is the revised NOCAR model (see
Garcia et al., p. 12967, 1992).
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Temperaturedifferencesof 5 to 10K arenot critical for gas-phasechemistry,but may
totally changethecharacterof heterogeneouschemistrydependingon thewatercontent
of the sulfateaerosolsor the predictedoccurrenceof PSCs. The differencesbetween
models and the NMC climatology here could have important consequences. NMC
temperaturesfor the lower stratospherearebasedon radiosondeobservations,and in
generalthereis no reasonto questionthesemeasurements.
Temperatureuncertaintiesare critical for deriving adiabatic circulation. Issuesthat
remainunansweredinclude:(1) theaccuracyof theseveralsatellitetemperaturedatasets
in theupperstratosphere;(2) the importanceof zonalvariationsin temperaturerelativeto
themonthly meansusedin themodels;and (3) the importanceof year-to-yearvariations
in temperatureonboth thechemistryandthederivedcirculations.
Heating rates and circulation (Section A)
There is qualitative agreement regarding the net heating rates and residual circulation,
both among the models and with the observations. The details differ significantly. The
sense and extent of the so-called Brewer-Dobson circulation (i.e., upward in the tropics
and downward at mid and high latitudes) is generally correct, but its strength varies by at
least a factor of two among the models. Results from other tests are equally non-
definitive: the 14CO2 tracer simulation (Section I) indicates that the Brewer-Dobson
circulation may be too strong in the models; however, other tracer patterns (e.g., 90Sr,
CH4, HNO3 column) do not clearly support this premise.
A distinct problem for zonally-averaged models is that the net heating, Qnet, does not
determine the tracer transport alone; eddy transports are coupled with Qnet (or at least
they should be). Models that have eddy transports derived from observed distributions of
wave activity or calculated potential vorticity fluxes seem to yield a more representative
net transport with altitude and latitude and for each season. The sensitivity of tracers to
the model circulations was demonstrated best in Section O through lifetime experiments
with synthetic tracers. The roles of mean and diffusive transport were sorted out for
several of the models in Section N, and the mean transport is by far the dominant term.
Comparisons of vertical profiles in Sections D, E, F, I, and J suggest that diffusion is also
too strong in some models. Those with weak diffusion or at least diffusion limited
seasonally to specific regions of the stratosphere (where wave transports are believed to
be most effective) seem to perform best.
We have also identified a worrisome aspect for the application of residual circulations
derived from the diabatic heating. In some instances the monthly mean vertical motions
at specific locations are opposite to the calculated local net heating. This occurs because
of the assumption of a required conservation of net heating across a pressure level which,
in turn, leads to local adjustments in order to achieve this global balance. A consequence
of this re-balancing of heating rates is that errors in the tropical troposphere (100 - 200
mbar) may significantly affect the net heating assumed over the winter pole in the lower
stratosphere.
From the discussion in this section it is clear that significant uncertainties remain in the
transport in zonally-averaged models, such that advancements in our understanding of
chemical mechanisms may not necessarily improve many of the model/measurement
comparisons in this report. Specific issues that must be addressed more carefully are: (1)
the effect of year-to-year variations in temperature (and ozone) on the derived
circulations, and (2) the introduction of tropical-wave forcing mechanisms in models.
None of the models include an accurate representation of the quasi-biennial oscillation
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(QBO), which modulatestheupwardbranchof thenetcirculationandappearsto control
the timing of meridional transportsinto and out of the tropics (seeRuiz simulation,
sectionJ). Both the CAMED model and the new NOCAR model have simulatedthe
semi-annual oscillation (SAO) at tropical latitudes. Annually varying diabatic
circulationsderivedfrom a multi-year time seriesof observedtemperatureswill contain
someof the effectsof changesin wave forcing at all latitudes;however,they will not
necessarilydescribethe complete transport.
3. Distributions of Long-Lived Species
Water vapor (Section B)
Current stratospheric models, even those that "calculate" H20, specify H20 in some way
or another that critically controls the stratospheric abundance. While these assumptions
are reasonable, they do not adequately represent the physical processes that change H20
near the tropopause. Therefore, relative H20 change from stratospheric aircraft injection
can be estimated, but might be in error if the mechanism for exchange of H20 in the mid-
latitude lower stratosphere is not understood. For example, if the drying-out mechanism
fixes the partial pressure at the tropopause, the prediction would be different than if a
fixed flux were removed by some other mechanism.
The available water vapor data sets are most uncertain between about 50 and 300 mb.
The SAGE II climatology is favored over LIMS in the region of largest discrepancy
because it covers all seasons and it extends into the upper troposphere. There is an
obvious difference between the SAGE II and the Oort climatologies for H20 in the upper
troposphere, but recent evidence favors the SAGE II values. A better climatology needs
to be compiled for these altitudes, coupling SAGE II with aircraft data from the various
ER-2 and DC-8 missions. Simultaneous measurements of CH4 and H20 would
eventually provide a test of the physical processes controlling H20 in the lower
stratosphere.
Integrated column ozone (Section C)
Column ozone is controlled by both circulation and chemistry. The test of reproducing
observed total ozone must be taken as a non-unique test of a model. The model's
integrated ozone columns are in reasonable qualitative agreement with TOMS data.
Certain details point to nearly universal problems in the model formulation that show up
in other M and M tests. For example, the measurements show steep gradients between 30
N and 50 N, but the models tend to wash out these gradients, mixing the ozone from the
tropics to the mid-latitudes. Some of these problems appear in the other column
measurements (Section G). Four of the models -- DUPONT, GISS, MRI and OSLO --
substantially underestimate column ozone as well, possibly a sign of the modeled
tropopause being too high.
The inclusion of sulfate-layer chemistry is interesting: it has no major affect on the
observed column abundance over the period 1980-1992, but it greatly influences the
predicted trend. The modeled trends, 1980-1990, are grossly similar to those measured,
but the observed seasonality of ozone loss over the northern hemisphere points clearly to
some missing processes (i.e., wintertime PSC chemistry) that are not included in most of
the models. The NCAR model simulates ozone trends fairly well, but differs from the
other models in simulating the chemical partitioning and budgets (see Sections L and M).
Some recent work using the ITALY model has demonstrated that the lower stratospheric
temperature increase due to volcanic aerosols can alter the net circulation such that
downward diabatic descent is increased at high latitudes in winter leading to an increase
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in columnozone. This increasepartially offsetsanozonedecreasedueto just thePSC-
inducedchemistry.
We now havetheTOMS decadaltrendaswell asthe"mean"columnozoneto providea
critical test of the models. The trend may provide more a measureof the chemical
perturbationthanof thecirculation(withcaveatsnotedabove).
Ozone profiles (Section D)
Ozone above 35 km in the sunlit stratosphere is a relatively short-lived gas that is
expected to be in photochemical steady state. In the lower stratosphere near the
tropopause, however, it is extremely long-lived and generally behaves like a tracer with
small photochemical tendencies (e.g., CFC13 or CH4, but with opposite gradients). In the
upper stratosphere (35 - 50 km), comparison of the vertical profiles of ozone provides a
fundamental test of the photochemical balance of odd-oxygen budgets over two scale
heights. A basic problem remains for the model ozone photochemistry in the upper
stratosphere near 40 kin: simulated concentrations of ozone are systematically 20 to 40
percent below observations.
We introduce here a new climatology for the 03 distribution based on SBUV
observations (Version 6). The SAGE II profiles (less frequent, less global coverage)
were used to define the relative profile below the ozone maximum, for which SBUV can
only detect the total column. This climatology is new and it agrees with an ECC
climatology to within 20 percent at 20 km (about the accuracy of both data sets). It may
provide one of the best tests of transport in the lower stratosphere.
Generally, the models are able to produce the overall features of the seasonal ozone
variation, including the basic latitudinal variation and the seasonal behavior at high
latitudes. Models agree with data at mid and high latitudes of the lower stratosphere to
within about 20 percent, but they clearly overestimate ozone at low latitudes. For the
tropics at 20 km, DUPONT, NCAR and NOCAR did the best. [The CALJPL model
ozone profiles were not submitted to the UADP data base.] Coupled with Section H
(tracer correlations), the ozone profile comparisons show a clear problem for most
models near and above the tropical troposphere.
Profile shape is a concern for many models, particularly at high latitudes, indicating
deficiencies in the model circulation in polar regions, especially in winter. ITALY does
the best job of matching the observed profiles in polar regions, possibly because that
model obtains its ozone distribution from 3-D transport fields. Many models have their
peak ozone mixing ratio at too low an altitude, even at mid latitudes in summer.
Global distributions of N20 and CH4 (Section E)
The "standard" global data set for N20 and CH4 comparisons (i.e., SAMS) has some
obvious problems. Below about 30 km the balloon profiles are considered more reliable
than the SAMS data for comparison; however, their sampling is so sparse as to make
comparisons with the global models difficult. It is important to realize that the SAMS
data are accurate only for N20 values less than about 150 ppbv and for CH4 values less
than about 1.1 ppm. The strikingly different behavior of the SAMS N20-CH4
correlations between 1979 and 1980 demonstrates an obvious problem with the SAMS
measurements (versus a change in transport), since a change in meridional mixing would
not so perturb the correlations.
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Therearesomepatternsin theobservedN20 and CH4 globaldistributions that arenot
paralleledin the models. As a group, themodelsperform well at mid to high latitudes
between20and30km, indicatingthatthenet transportin themodelsis representativeof
the atmosphere. Model/measurementprofiles agreewell at mid latitudes but at high
latitudesarelessuniform at 30km thanat 20kin. Thesehighlatituderesultsaresimilar
to thosefrom theozoneprofile comparisonsin SectionD. On theotherhand,theprofile
comparisonsnear30N indicatethat manymodelshaveanetupwardtransportthatis too
strongin the lower sub-tropicalstratosphere(alsoarguedfor inSectirnT). O=neshould
not over-interpret the 30N profiles in terms of verticaI motions insteadof hOrizontal
transports: theseprofiles lie on theedgebetweentropical upwelling and mid-latitude
descent,often showinginvertedprofileswith tropicalvaluesat upperaltitudesandtypical
mid-latitude profiles in the lower stratosphere.Comparisonsat tropical latitudes,while
reasonable,aretoo few from which to draw firm conclusionsaboutmodelperformance.
Moredataareneededfrom thatregion.__ =
Improved measurementsof the N20-CH4 Correlationcurve and its deviations from
linearity in different regionsof the stratospheremay provide the best test yet of the
relative loss rates(photolysisversusOH) for thesespecies. Pr01bersimuiation of this
relationshipis critical for interpretingchemicalprocessingandtransportvariations. We
need to know what part of the observedcorrelations representsa true geophysical
measurement.Obviously,moreandbetterN20 andCH4profile dataareneededbetween
20and35km.
Abundances and distribution of NOy species (Section F)
The distribution of NOy (the sum of all odd-nitrogen species) is interesting as a second-
order derived quantity of the stratospheric models. First-order can be defined as the
distribution of N20 (the primary source of NOy), and a third-order derived quantity is
clearly O3 whose concentration depends on theNOy distribution. (Other examples of
second-order quantities are H20 and Cly, all chlorine release from halocarbons.) The
global distribution of NOy is a test of the-models' circulation and chemistry. The rim
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sou ce of NOy depends on the yield of NO from N20 loss; and a slgmficant fraction of
NOy is lost above 40 km through photolysis of NO.
Global data for NOy are not without problems--we must either employ a pseudo-NOv (a
sum of some of theNOy species), or be restricted to the lower stratospheric in situ data
(Section H), or be limited to ATMOS profiles. Measurements of an NOy climatology
need to be made over several years to account for known year-to-year variations in the
circulation as diagnosed from other tracers, in the lower stratosphere, however, we prefer
to compare correlations of NOy with 03 and N20 (see Section H) because difficulties in
registering the height of the tropopause are overcome. Differences among the models
remain for the predicted NOy distributions, and can be attributed in part to the circulation
and in part to NOy chemistry.
The seasonality of stratospheric NO2 concentrations (at sunset from SAGE II) shows a
clear indication of chemical processing of NOx (=NO+NO2) into HNO3 or other
reservoirs around winter in the lower mid-latitude stratosphere, presumably due to the
heterogeneous reaction of N205 on sulfate aerosols. Models using only gas phase
reactions did not reproduce the large winter-summer difference in NO2, as seen by SAGE
II between 20 and 26 km in the mid latitudes (30 to 50 degrees latitude) of both
hemispheres. Further, the LIMS HNO3 measurements support this inclusion of
heterogeneous chemical processes. For example, the summer-autumn HNO3
observations are modeled reasonably by either gas phase or heterogeneous models, but
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thewinter-springobservationsareonly predictedwell in the samemodelsby including
theN205-sulfatereaction.
Systematicerrors for LIMS NO2 arerather large in the lower stratosphere,which may
accountfor its apparentdifferenceswith the SAGEII NO2 andwith modelNO2. The
precisionof theLIMS data,however,is very good,suchthat its relative variationswith
latitude, longitude, and time are consideredtrustworthy. Therefore, the observed
variability in LIMS NO2 is an appropriatetest of variability for speciesin multi-
dimensionalmodels. Further,it is difficult to makecomparisonsdirectly with the global
NO2 climatology from SAGE II (or ATMOS) unlessthe models are able to report
"sunset"or "sunrise"valuesfor NO2(i.e., solarzenithangleof 90degreescorresponding
to direct sun in the stratosphere). In view of the importanceof this comparison,the
modelsshouldconsidersuchdiagnosticsasstandard.
Column abundances of HF, HCI, HNO3, CIONO2, and NO2 (Section G)
Comparison with the observed column abundances provides an integrated check on the
models. Nitric acid, chlorine nitrate, and nitrogen dioxide columns are a measure of the
partitioning of the NOv family. HC1 is one of the principal reservoir gases for the
chlorine released from fialocarbons, and HF provides a measure of the decomposition of
chlorofluorocarbons. It must be recognized that columns are only integrative measures of
the distribution and emphasize the lower altitude portion of a stratospheric profile.
The latitudinal gradient in column HNO3 shows a clear preference for the heterogeneous-
chemistry versions of the models. However, more observations are needed, e.g., chlorine
nitrate columns may provide an excellent calibration/test of heterogeneous chemistry in
the models, and we should make an effort to acquire a seasonal climatology at least at one
or two mid latitude points.
All models underestimate column NO2 compared with LIMS, but this finding may be
explained by systematic errors for LIMS NO2. (The appearance that the gas-phase
models are closer than the heterogeneous models must not be taken seriously here.) The
latitudinal and seasonal variations in LIMS NO2 (precision about 5 percent) are followed
well by the models. In general, the comparisons of both HNO3 and NO2 in the low-to-
mid stratosphere across all seasons and latitudes ind icate that model simulations of
transport and NOy chemistry (i.e., NOx-HNO3 partitioning) in the lower stratosphere are
reproducing the major features of the observations.
There are significant differences between the JPL and NCAR observations of the HC1
column (40 percent) and the HF column (70 percent). More reliance is placed on the
observed latitudinal and seasonal variations of these gases. The NCAR (Mankin and
Coffey, 1983) measurements exhibit high-to-low latitude ratios that are nearly equivalent
(about a factor of 3) for HCI and HF. Latitudinal variations of the HC1 and HF columns
are not equally matched in the models: those that do well for HF may do poorly for HC1.
This points to problems with the model HF/HC1 ratios.
B. Special Diagnostic Studies
1. Introduction
Some specific experiments were developed to test aspects of model transport and
chemistry. For example, Section H describes tracer correlations using primarily a large
volume of data from several ER-2 aircraft campaigns to diagnose model transport near 20
km. Sections I (14CO2 and 90Sr from weapons tests) and J (volcanic cloud from Mt.
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Ruiz) document the ability of models to simulate the observeddispersion of time-
dependentracersthat werereleaseddirectly into the lower stratosphere.Additionally,
modelcalculationswereconductedandcomparedwith eachother for photodissociation
processes(Section K) and specific chemical production and loss rates (Section L).
Speciesprofiles at sunsetwerecompareddirectly with the3ONmeasurementsfrom the
1985flight of ATMOS (SectionM). SectionN representsmodel-modelcomparisonsof
therole of advectiveversusdiffusive transport for N20 and 03, and Section O looks at
the atmospheric lifetimes predicted for idealized tracers with specified _rat0spheric loss
rates (i.e., identical "chemistries "_ ac_bss all models). These-mbdel-model comparisons
are an essential, but secondary component of the M & M workshop; they allow us to
evaluate the individual components of the models in a way not possible for atmospheric
chemical tracers.
2. Transport Diagnostics
Simultaneous observations oi'long-lived species (Section H)
Section H focuses on the observed correlations of long-lived trace gases measured
relative to N20 from several ER-2 aircraft campaigns (16 to 20 kin). This data set is
extended with some altitude profiles (balloons and ATMOS) and the global N20-CH4
maps from SAMS. The modeled slopes of the correlation diagrams for various tracers
are in basically good agreement with the observations, although for some species (e.g.,
CHF2C1, CC14, CH3C1 and CH3CCI3) the measurement errors are too great to constrain
the models.
We conclude that the relative rate of stratospheric destruction for many species (e.g.,
N20, CH4, CF2C12, and CFC13) is verified. Loss of CH4 is primarily due to OH and that
of N20 and the CFCs is due to ultraviolet photolysis (180 to 230 nm); therefore, the
credibility for modeling these two independent processes is greatly enhanced by this
success. Further, the stratospheric lifetimes of these gases are reasonably determined on
a relative scale based on the theory of Plumb and Ko (1992).
The NO. y/O3 ratios show clear problems, with the models that cannot be argued away as
an altitude offset of the tropopause (whmch could be done when only vertical profiles are
examined). These discrepancies occur throughout the lower stratosphere, but the cause in
the tropics is likely to be different than that at high latitudes. Most models underestimate
NO at 20 km in low latitudes, perhaps because their vertical advection is too strong (see
Y . . .
also Sections E and I). Models generally also predict too httle NOy at high latitudes. The
models generally fail to simulate the steep NOy/O3 gradient between the tropics and mid
latitudes. The ITALY model does meet this test, consistent with its weaker horizontal
diffusion. More NOy/O3 measurements are needed at low latitudes, especially above 20
km.
Some specific model anomalies, good and bad, show up with regard to species
correlations: NCAR shows some loss of HCFC-22 and CH4 without a corresponding loss
of N20 in the tropical lower stratosphere; CAMED shows different patterns for CHF2CI
and CH4 (both are driven by OH). The AER model is able to simulate the expected level
of curvature in the correlations due to the rapid growth in tropospheric CHF2C1. All in
all, there is a wealth of model/data comparisons in this Section, and they have been
presented in an innovative way that was not available for previous validation efforts.
Such correlation analysis techniques should be standard for future studies.
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Radionuclides as exotic tracers (Section I)
The observed decay of excess atmospheric carbon-14 (14CO2 from weapons tests) from
1963 to 1970 provides useful, but limited profile data (only at 31N) for testing the
circulation of the lower stratosphere. The observations of stratospheric strontium-90
(90Sr, also from weapons tests) from 1964 to 1967 also provide a test of the removal of a
transient tracer injected into the lower stratosphere at northern mid latitudes. The 90Sr
has more complete profile data available at four widely, spaced latitudes (70N, 31 N, 9N,
42S), but it attaches to aerosols and is therefore not just a tracer of air motions as is
14CO2.
The use of bomb-90Sr as a paired simulation with 14CO2 greatly enhances this test of
model transport. The 90Sr observations are more extensive, and there is a critical
difference between these two tracers: 90Sr on aerosols has an additional "settling
velocity" relative to mean flow. The CAMED, WASH and LLNL models simulate the
trends in 90St very well, whereas the ITALY and DUPONT models do the best job for
14CO2.
The 14CO2 experiment shows clear problems with the tropopause as determined by
dynamical mixing; this is similar to problems noted with ozone profiles in Section D.
The large scatter in concentrations predicted in the middle stratosphere is a problem
caused by differing model transports as shown also by results for the synthetic tracers in
Section O. At 31N the models show a more-rapid-than-observed decline in 14CO2 at 20
km, with an over prediction at higher altitudes, in agreement with findings for CH4 and
N20 in Section E. With multi-dimensional models the obvious "solution" (i.e., cut down
the vertical transport) may not apply since we do not have measurements of 14CO2 above
20 km at other latitudes, and thus, cannot say anything about latitudinal transport above
20 km. However, the inescapable failure of the models is obvious: they predict too rapid
a decrease in the 16-20 km range from 70N to 42S.
In 1970 the observed excess 14CO2 shows an interesting profile with a relative maximum
in the lower stratosphere that could not be reproduced by any model under the
assumptions of a single 14CO2 injection in 1963. It is likely that something is wrong
with the experiment as posed here (e.g., errors in measurement of residual bomb-14CO2,
importance of sources after 1963, tropospheric injection, etc.). Models that do well in the
90Sr test and the early 14CO2 simulation still have problems with the 31N profile of
14CO2 in 1970.
Mt. Ruiz volcanic cloud (Section J)
The volcano Nevado del Ruiz (5N, 75W) in Colombia erupted on 13 November 1985 and
aerosols from it were observed by the SAGE II satellite experiment. This was the
strongest volcanic eruption observed by SAGE II prior to the Pinatubo eruption of 1991.
Initial distributions of the aerosol layer, centered near 20 km, were provided to the
models from the SAGE II data of 1 February 1986. The Ruiz cloud (like the bomb-90Sr
simulation in Section I) opened a new era in model comparison by including the sulfate-
layer aerosols. We account for stratospheric aerosols not being transported identically, as
gases by including a settling velocity (albeit a single one here) for the downward motion
of aerosols relative to air.
The models in general show a propensity to mix the volcanic aerosols rapidly beyond the
tropics and to wash out the sharp peak in particle concentration (through either vertical or
horizontal mixing); both results are contradictory to SAGE II observations. Many
models, however, are able to follow in general the observed removal of the aerosol over
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thetwelve monthsfollowing theinitialization. This is consistentwith the successof the
90Srsimulation. _ =
The observedcontainmentof volcanicaerosolswithin the tropicspoints to thepossible
importanceof the quasi-biennialoscillation in producingcontainedcirculationsduring
certainphasesandmoremixedtransportat othertimes.Thecomparisonswith 2-D model
circulationsthat arebasedonan "average"circulationareclearly inadequate.
3. Photolysis and Chemistry Diagnostics
Sections K,L, and M have a common theme in that we adopted a mean atmospheric
profile based on the ATMOS solar occultation measurements made at sunset, 30N, May
1985, giving us a framework with which to compare the basic photochemistry of the
models independent of their transport. Because of ambiguities and misinterpretations of
the experiment at the February workshop, these sections were revised and renewed again
by the participants at the May 1992 HSRP/AESA meeting. Only these more recent
findings are presented in this report. In Section K photolysis rates are examined, and in
Section L the model chemistry of rates and radicals is compared; these Sections are
basically model intercomparisons. Section M is a true model and measurement
comparison" the models simulated the sunset profiles of NOy and Cly species to match
the ATMOS profiles.
Photodissociation rates (Section K)
The section on photolysis rates continues a long-standing, unresolved problem of model
intercomparison since the 1-D model assessments of the 1970s. The 1988 inter-
comparison demonstrated clear differences among the models, even though we made
certain we were all doing the "same calculation." For this Workshop, we again specified
the atmosphere (based on a mean ATMOS profile at 30N, likewise for Sections L and
M), but we required some additional diagnostics.
New this time, we have a referefice Standard for transmission in the _ Schumann-Runge
bands from the AFGL-Harvard work. The existence of a reference for 02 has greatly
improved our perspective in comparing the models, but the spread in values is still large,
about a factor of 1.5. When we include the Herzberg continuum (> 200 nm), the
agreement among models for 02 photolysis is better than 15 percent above 30 km. This
consistency in the Herzberg continuum is likely to be the reason that the models calculate
such similar ozone profiles for the mid stratosphere.
Unfortunately we have no such reference for photodissociation of NO. The differences in
modeled NO photolysis rates are larger than for 02 photolysis because only wavelengths
in the Schumann-Runge bands, specifically less than 192 nm, contribute. The value of
J(NO) determines the fall-off of NOy mixing ratios in the upper stratosphere and will
therefore affect the absolute value ofthe slope of the NOy-N20 correlation in the lower
stratosphere.
The discrepancy in photolysis rates for CFC-11, CFC-12, and N20 is also large, ranging
over a factor of 1.4 in the region of most important loss for these species (20-30 km). It
probably reflects the divergent values in transmission of solar flux shortward of 200 nm.
The calculated photolysis rates for NO2 agree to within 25 percent if scattering is not
included. The treatment of scattering is so diverse among the models as to introduce
substantially larger differences in the photolysis rates, as compared with calculations
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using only 02 and03 absorption.We needto establisha referencescatteringmodel for
theseUV-visible calculations(290-700nm).
Photochemistry of radicals and rates (Section L)
This Section is a model-to-model intercomparison designed to answer the question: "Do
we all calculate the same photochemical budgets for ozone given a prescribed
atmosphere?" Both noon-time and 24-hour species profiles were calculated. Gas phase
and heterogeneous chemistry calculations were conducted in separate runs. Eight models
participated in this activity.
There is very good agreement above 30 km among the models for the noontime and 24-
hour-average densities of O, O(1D), OH, HO2, NO2, and NO. Some important
differences appear at 20 km. There is a spread of O(1D) values in the lower stratosphere
that is related directly to the model disagreements in the J-values (Section K). The
models are consistent in calculating the diurnal average of chemical rates with the
exception of two models that approximate the diurnal cycle with averaging factors. The
predicted NOy loss still varies by a wide range throughout the stratosphere. The OH
densities vary considerably in the lower stratosphere between models.
Model/measurement comparisons of NOy and HOx species should be considered again,
perhaps using new measurements from SPADE and ATMOS.
The impact of heterogeneous chemistry is fairly consistent among the models for profiles
of radicals and the ozone-destroying reactions. Model results differ by about a factor of
2. Overall, the results from Section L are encouraging, but still not adequate: even where
there is basic agreement in the chemical processes included in the models, inexplicable
differences remain.
Speci_ comparisons with ATMOS at sunset (Section M)
This section examined the chemical partitioning of the NOy and Cly families against the
ATMOS species profiles at sunset. The total family abundances for NOy (from
ATMOS), Cly (from empirical correlations with NO ), and Br (fixed at 15 piatv) are
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gwen m a Table at the beginning of Section K. Five models t_[ part in this calculation
(AER, CALJPL, GISS, GSFC, and LLNL).
Model/measurement profile comparisons agree very well for species in the NOy family
(NO, NO2, HNO3, and HO2NO2), even at 20 km! There is more spread among the
model N205 values, but at 30N in May this species is only a few percent of total NOy at
sunset. A sunrise comparison would be a better test for N205. In general the gas phase
NOx chemistry is being modeled well, at least at 30N in spring. Effects of HOx radicals
on ozone in the lower stratosphere must be understood better, but based on these findings
it appears that the HOx uncertainties demonstrated in Section L may not affect NOy
partitioning at the level shown here. A much greater effort should be directed at
observations below 20 km where the divergence among models is greatest.
The HC1 comparisons were reasonable above 30 km, but not so good at 20 km. This is
disturbing, because HC1 should be most of the Cly (based on the ATMOS simultaneous
measurements of C1ONO2). Perhaps the specified Cly profile is not correct there.
CALJPL matches the 20 km observations better thanthe other models (but with a
different Clv). The C10 and C1ONO2 comparisons are generally acceptable, but the
GSFC Cly iaartitioning was different from the ATMOS observations and the other
models.
51
Partitioningof Bry into BrO, HBr, and BrONO2 is more variable among the models, even
though the Br profile was specified. Bry species data should be compiled for any future
comparison. _he HF/HC1 ratio can also be part of any future model/data comparison
once the HALOE data from UARS are available.
4. Model-Model Comparisons of Transport
Transport fluxes (Section N)
This section on modeled fluxes required special diagnostics, and five models contributed
(AER, CAMED, GSFC, ITALY, and LLNL). The local tendency of the continuity
equations for N20 and 03 have been separated into terms representing transport
processes (i.e., flux divergences) and photochemical product_on_ss. Transport was
further broken down into both advection and diffusion in the horizontal and vertical
directions. Generally, advection in the 2-D models plays a more dominant role than the
parameterized diffusion in the lower stratosphere. However, if the Brewer-Dobson
circulation is too strong in some models (as suggested in some other Sections of this
report), then this conclusion may need to be revised.
These diagnostics clearly show the dominant factors controlling 03 in the lower
stratosphere. Ozone in the lower stratosphere responds to changes in the circulation at all
latitudes. Ozone in the tropical lower stratosphere is dominated by local production and
is relatively unaffected by perturbations to chemical reactions that destroy ozone. At hig.h
latitudes the reverse is true: production is unimportant, and 03 responds to changes m
photochemical loss.
Model-model comparison of idealized tracers, XI and X2 (Section O)
The use of synthetic tracers with prescribed chemistry is very important in documenting
those differences in lifetime and tracer cross-correlations that are due strictly to the model
circulation rather than the chemistry. A tracer experiment was designed to approximate
the atmospheric behavior of CFC/N20-Iike species. We prescribed constant tropospheric
concentrations and stratospheric loss rates (varying only with pressure) for two tracers X1
and X2 (twice the loss frequency of X1). In general, we found a spread in predicted
lifetimes for X1 and X2 across the models that is similar to that for CFCs and N20. This
comparison does not mean that differences in the chemical models do not contribute to
this variation in calculated lifetimes for CFCs and N20, but that the different tracer
circulations can explain most of the range in calculated CFC lifetimes.
Ten models participated in this experiment. The relative tracer lifetimes for X1 are
categorized as follows: (1) shortest--NOCAR, GSFC, CALJPL, and NCAR; (2) medium-
-LLNL, ITALY, and CAMED; and (3) longest--AER, DUPONT, and WASH. Generally,
models that compute the shortest lifetimes for X1 tend to predict the shortest residence
times for the 14CO2 tracer and vice versa. Those models that do best in matching the
ozone profiles at high latitudes in winter, also show a unique seasonal feature in their
tracer X profiles.
Tracer correlations are becoming a valuable tool for diagnosing the stratosphere. These
set experiments help us interpret the basic correlations between long-lived tracers, e.g.,
the degree of curvature and the dispersion in the (X1, X2) scatter plot. Cross-correlations
of tracers X1 and X2 show large ranges in the tightness of the curve, depending
apparently on the rate of horizontal mixing. The correlation of X with a transient tracer
W (i.e., a tracer like X with a tropospheric trend in concentration) shows that some
additional curvature is introduced into the correlation.
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Upper Atmosphere Data Base and Model Submission
The Upper Atmosphere Data Program (UADP) at NASA Langley Research Center
has been established to serve as a working data base for information on stratospheric trace
gases and related parameters. It includes data from both measurements and model
calculations. The UADP data base presently includes measurement data from satellite
instruments such as Limb Infrared Monitor of the Stratosphere (LIMS), Stratospheric
Aerosol Gas Experiment (SAGE2), Stratospheric and Mesospheric Sounder (SAMS),
Solar Backscatter Ultraviolet (SBUV), Total Ozone Mapping Spectrometer (TOMS), and
Atmospheric Trace Molecule Spectroscopy (ATMOS) and a compilation of stratospheric
balloon measurements. The recent focus, however, has been on assembling two-
dimensional results from atmospheric model calculations, principally for use in
intercomparison activities. The data assembled for the Models and Measurements
Workshop are available on CD ROM.*
The UADP served as the focal point for assembly of data for the Models and
Measurements Workshop discussed in this report. A substantial amount of work was
required, which involved the handling of data from the various model groups,
incorporation of the desired data into the UADP data base, data manipulation to derive
sums and ratios, and display of the data in graphical form. The work was done using
UADP software on workstations prior to the workshop at Langley and at the workshop
itself. Subsequent to the workshop revised data sets were entered in the data base.
The principal area of work in dealing with the model data sets was decoding from the
wide variety of formats used by the model groups that submitted data. While some model
groups scrupulously followed the standard data format for data transmittal, most did not.
Data were submitted on a common grid with each model group being responsible for
converting their data to that grid. For the two-dimensional data set addressed here the
desired standard intercomparison grid was
Horizontal: 90S to 90N in latitude at increments of 5 degrees
Vertical: z* = 0 to 60 km in increments of 2 km where z* = 16 log base 10 of
(1000/P) and P is the pressure in mbar.
The data presented represents results from fourteen model groups. The groups are
designated by the following abbreviations and the principal investigators are listed:
AER M. Ko, D. Weisenstein, J. Rodriguez, N.D. Sze
Atmospheric and Environmental Research, Inc.
840 Memorial Dr.
Cambridge, MA 02139
CALJPL Y.L. Yung
California Institute of Technology
Pasadena, CA 91125
D. Crisp
Jet Propulsion Laboratory
4800 Oak Grove Dr.
Pasadena, CA 91109-8099
*Additional information about the UADP and how to obtain the CD can be obtained from Linda
Hunt/Karen Sage;MS 401A;NASA Langley Research Center;Hampton, VA 23681; Telephone 804-864-
5856 or 804-864-5857.
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CAMED-0
DUPONT
GISS
R. S. Harwood, J. Kinnersley
Department of Meteorology
University of Edinburgh
King's Buildings
Mayfield Rd.
Edinburgh EH9 3JZ, UK
C. Miller, D. Fisher
E32/240
DuPont Experimental Station
E.I. DuPont De Nemours, Inc.
Wilmington, DE 19880-0320
M. Prather
Dept. of Geosciences _
University of California, Irvine
Irvine, CA 92717
J. A. Pyle
Dept. of Physical Chemistry
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Table 1 indicates which model groups participated in each experiment.
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Table 1: Model Data Summary
AER
A B C D E F G H I J K L M N O
X X X X X X X X X X X X X X X
CALJPL x x x X X X X X
CAMED x x x x x x x x x x x x
==
DUPONT x x x x x x x x x x
GISS - x x x x x x x
GSFC x x x x x x x x x x x x x
ITALY x x x x x x x x x x x x -
LLNL x x x x x x x x x x x x x
X
X
X
X X
LLNLND - x x x - - x
MPI x x x - - x - x - x
MRi x x x x x x x
NCAR x x x x x x x x x x x x x
NOCAR x x x x x x x
OSLO x
WASH x x x x x x x x x x x x x X
0
Chapter 4
Update of Model Descriptions

AER Two-Dimensional Photochemical Transport Model
Malcolm Ko, Debra Weisenstein, Jose Rodriguez, and N.D. Sze
Atmospheric and Environmental Research, Inc.
The AER two-dimensional model domain extends from the south pole to the north pole
and from approximately the ground to 55 kin. Latitude and log-pressure are used as
coordinates, with horizontal resolution of 9.5 degrees and vertical resolution of 0.5 in units
of ln(1000/p(mb)), equivalent to approximately 3.5 km.
The dynamical transport occurs through the zonal-mean diabatic circulation, by quasi-
horizontal diffusion along isentropic surfaces and by vertical diffusion in the troposphere
and upper stratosphere. The diabatic circulation used was based on the calculated heating
rates of Murgatroyd and Singleton (1961) for the upper stratosphere and Dopplick (1979)
for the lower stratosphere, and resembles that derived by Rosenfield et al. (1987) in both
structure and magnitude. Temperatures are taken from a climatology obtained from W.-C.
Wang (personal communication) and are nearly identical to an 8-year average of National
Meteorological Center (NMC) temperatures in the troposphere and middle to lower
stratosphere. However, the upper stratosphere in the polar regions is significantly colder
than indicated by NMC temperatures.
The horizontal eddy diffusion coefficient, Kyy, is a function of latitude, altitude, and
season. Its value is 1.5 x 1010 cm2 s -1 in the troposphere; in the stratosphere below 25 km
it varies from 3 x 109 cm2 s-1 in the tropics to 6 x 109 cm2 s -] in the middle latitudes in
winter and 1 x 1010 cm2 s -1 in the middle latitudes in summer. These values yield a good fit
to observed ozone profiles in the lower stratosphere and are close to the magnitudes derived
by Newman et al. (1986). The value of Kyy in the stratosphere above 25 km is 3 x 109 cm2
s-1 for all latitudes and seasons and is based on the work of Kida (1983) and Tung (1984).
The calculation of Kyz is based on a translation of the horizontal diffusion, which is
assumed to be acting along isentropic surfaces, to the model's log-pressure grid.
The vertical diffusion coefficient, Kzz, is 1 x 105 cm2 s-1 in the troposphere, 1 x 103
cm2 s -1 in the stratosphere below 40 km, and 1 x 104 cm2 s-1 above 40 km. The relatively
large vertical diffusion coefficient in the troposphere simulates convective overturning and
synoptic scale eddies. Stratospheric vertical diffusion was estimated by Kida (1983) to be 1
x 103 cm2 s -1. Enhanced vertical mixing above 40 km is based on Garcia and Solomon's
(1985) work in gravity wave breaking. The tropopause height is 100 mb in the tropics and
decreases gradually to 450 mb at high latitudes. There is a small latitudinal shift of
tropopause heights with season.
The model contains 62 chemical species, including complete diurnal chemistry for the
NOy, Clx, Brx, Fx, HOx, Ox, and methyl and ethyl families. Source gases include N20,
CH4, C2H6, H2, CO, CC14, CFC-11, CFC-12, CFC-113, HCFC-22, CH3CI, CH3CCI3,
Halon-1211, Halon-1301, and CH3Br. The water vapor concentration is not calculated but
is parameterized in the stratosphere based on a fit to the Nimbus-7 observations of
Remsberg et al. (1984). Stratospheric water vapor does not vary with season, but does
change annually based on the difference between calculated CH4 and a 1985 CH4 profile.
The tropospheric values of H20 vary seasonally depending on the parameterized value of
relative humidity and the assigned temperature.
PRE(_ED!NG PhGE BLAN?,_ NOT F_!.MED
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The kinetic reactionratesand absorptioncrosssectionsare taken from JPL (1990)
except for the reactionsbetweenHCFCs,OH, and OH+CH4 which are takenfrom JPL
(1992). Thesearethereactionratesspecifiedfor the 1991UNEPassessment.The solar
fluxesarefrom WMO (1982). The spectralresolutionis 5 nmover thewavelengthrange
from 170 nm to 405 nm. The solar zenith angleis a function of altitude. The Strobel
(1978)parameterizationis usedfor multiplescattering.
Washoutandrainout provide removalof H202, CH3OOH,C1-I20,NOy, Cly, Brx,
andFx in thetropospherebelow 10km with lifetimes of 5 days,10days,and40daysfor
levels1,2, and3, respectively.
Thefamily Chemistryapproachis Usedfor thetransportof NOyl Clx, Brx, and0;ibut
HNO3 is transportedseparatelyfrom othermembersof theNOy family. Whenthelifetime
of HNO3 becomesshort it is solvedusingchemicalequilibrifim, andthen the total NOy
family is transportedtogether.Explicit diurnalcalculationsareperformedfor theshort-lived
speciesevery10daysof modelsimulation.An iterativeNewtonschemeis usedto solvefor
all theshort-livedspeciessimultaneously,using12intervalsfor thedaylighthoursandfive
intervalsfor thenighttimehours.
Productionandlosstermsfor the long-livedspeciesareupdatedevery i0 daysandare
calculatedasdiurnalaveragesof theproductof therateandthe species-densityoverthe i7
diurnaltimeintervals. Lightningis includedasasourceof NOy in thetropicaltroposphere,
with a sourcestrengthof 2 MT/yr. Concentrationsof long-lived atmosphericspeciesare
integratedforward in time usingtheiterative upstreamschemeof Smolarkiewicz(1984).
Theschemeis positivedefinitewith small implicit diffusion. Theadvectivetime stepis 12
hours.
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CALJPL Two-Dimensional Model
Yuk L. Yung, Mark Allen, Dave Crisp, and Rich Zurek
Caltech/Jet Propulsion Laboratory
DOMAIN AND GRID
The model is from pole to pole in 10 degree steps. The y coordinate is a*theta, where
a is the planetary radius and theta is the latitude angle. The vertical coordinate is z =
H*In(p0/p), where H = 7 km, p0 = 1000 rob. There are 40 layers from z = 0 (p = 1000
mb) to z = 80 km (p about 1.e-2 rob).
TRANSPORT
The transport coefficients consist of the stream function for residual mean circulation
and eddy diffusivities, K and Kzz, respectively. Since the model is in modular form
. . Y
these coefficients can either be computed from our radiation code or taken from other
sources. Currently we use the coefficients from Yang et al. (1991). The advection
algorithm is the Prather method (Prather, 1986; Shia et al., 1990). The time step is 1 day.
CHEMISTRY
The chemistry is based on the CALJPL one-dimensional model (Froidevaux et al.,
1985) with updates according to JPL-90-1 (JPL, 1990). The numerical method for
solving chemistry is the implicit Newtonian method developed for the one-dimensional
model. H20 in the troposphere is set to climatological values and is computed in the
stratosphere with the CH4 source. Rainout of soluble species in the troposphere is
- included.
PHOTODISSOCIATION RATE CALCULATION
The altitude-dependent actinic flux used in the photodissociation rate coefficient
calculations is the sum of the attenuated, direct solar beam and a diffuse flux. The
method used in the radiation field computation is described in Michelangeli (1992).
The attenuation of the direct solar beam is calculated at all zenith angles assuming a
spherical atmosphere. For solar zenith angle Z > 90 degrees, there is a time-varying
shadow zone in the lower atmosphere. These computations are carried out for 112
wavelength intervals covering the range 950 A to 8050 A. Below 1225 A the intervals
vary in width. There is a 1-A interval centered at solar Lyman alpha, 1215.7 A. Between
1225 A and 4050 A the intervals are 50-A wide, and longward of 4050 A they are 100-A
wide.
The diffuse flux is determined by a 16-stream calculation assuming a plane-parallel
atmosphere. The computation is done at 14 zenith angles between 0 and 90 degrees and
for 43 wavelengths between 1750 A and 8000 A. Since the values of the diffuse
flux/direct solar beam ratio vary smoothly, the values for the diffuse flux at any arbitrary
combination of zenith angle and wavelength were found by interpolation.
The atmospheric opacity results from molecular absorption by 02 and 03,
conservative Rayleigh scattering, and nonconservative scattering at the lower boundary
.e., surface; reflectivity of 0.3 adopted). The 02 absorption cross section between 1754
and 2058 A follow the methodology in Allen and Frederick (1982), with a small
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adjustmentfor thenewHerzbergcontinuumcrosssectionstabulatedin WMO (1986). At
longer wavelengthsthe room temperaturecrosssectionsof Yoshino et aI. (1988) and
DitchburnandYoung (1962)areused,the latter to extendto 2500A. For these opacity
calculations the room temperature cross sections for 03 (WMO, 1986; JPL, 1987) and
Rayleigh scattering (WMO, 1986) are adopted.
Optical depths are calculated by integrating down from the top level t0-thesurface.
Species column densities above the top level are calculated from the abundance at the top
level and the scale height of the species above the top level (assumed equal to the scale
height of the species between the top two levels). For Z > 0 degrees the distance
between levels at which concentrations are specified is calculated by the law of cosines.
The photodissociation rate coefficients are summations over the wavelength of the
product of actinic flux and species photodissociation cross sections. All cross sections
have been updated in accordance with JPL Publication 90-1 (1990) and references
therein; in particular, the given temperature dependencies have been accountedfor in the
rate coefficient computations. One exception is the long wavelength 02 cross sections as
discussed above. Also, the absorption cross sections for NO vary with altitude following
Allen and Frederick (1982).
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CAMED-theta Two-Dimensional Model
R.S. Harwood and J. Kinnersley
University of Edinburgh
J.A. Pyle ......
University of Cambridge
MODEL DOMAIN
Pole-to-pole
Chemistry - 0 to about 60 km; Dynamics - 0 to about 100 km
DY = PI/19; DZ about 3.5 km
Isentropic vertical coordinate used (sigma coordinates in the troposphere)
DT = 4 hours (diurnally averaged) Adams-Bashforth explicit time step
DYNAMICS
The model solves the momentum, continuity, and thermodynamic equations in
isentropic coordinates while maintaining thermal wind balance. The dynamical forcing in
the stratosphere is from radiative heating and the eddy flux of PV (Erters potential vorticity,
which is the isentropic coordinate's equivalent of the EP flux divergence). The heating is
calculated from the modeled temperature, ozone, and water vapor fields. The vertical
velocity used to advect chemicals is directly proportional to the calculated diabatic heating
(since isentropic coordinates are used).
The PV flux is parameterized by modeling the lowest three wave-number components of
Ertel's potential vorticity from the tropopause upwards. At the tropopause the eddy
Montgomery potential (similar to geopotential in isobaric coordinates) is specified using a
year's satellite data. The only tuneable parameter is the rate of dissipation of eddy PV
(which is nevertheless constrained by estimates of dissipation of temperature anomalies in
the middle stratosphere). The propagation of the planetary waves depends on the modeled u
and T. The breaking of planetary waves is simulated in a way similar to that of Garcia
(1991), and the K y resulting from the breaking waves is used to diffuse all tracers andY
chemicals except ozone. A second Kyy is derived from the PV flux and the meridional
gradient of the zonal-mean PV, and this Kyy is used to diffuse ozone. The assumption
behind the use of different Kyys is that ozone anomalies have the same lifetime as PV
anomalies, whereas zonal anomalies of tracers and all other chemicals have an infinite
lifetime unless the waves are breaking. Kyy should ideally depend on the lifetime of each
chemical (chemical eddy theory). In the troposphere the Kyys of Luther (1973) are used for
all chemicals and tracers.
Kzz is 5 m2 s -1 in the troposphere and 0.3 m2 s-1 in the stratosphere and is used to
parameterize the vertical fluxes of chemicals, heat, and momentum.
There is zero flux of chemicals through the 60 km boundary, though locally a flux is
allowed - the mixing ratio above the 60 km boundary being chosen so that the downward
il
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flux will balancetheupwardflux (whichisdeterminedfrom thecirculationandmixingratio
below60km).
Rayleighfriction is usedto parameterizegravity wavedragin themesosphere.In the
troposphere,theradiativecoolingis specifiedwhile surfaceheatflux andlatentheatingis
parameterizedusinga convective-typescheme,which producesthegreatestheatingin the
tropics. Theforcingof u is parameterizedasRayleighfriction. Thesurfacetemperatureis
specifiedfrom observations.
A full descriptionof thedynamicalformulais in KinnersleyandHarwood(1993).
PHOTOCHEMISTRY
The following chemicals are modeled (family grouping is indicated by square brackets):
[ O, O(ID), 03 ], [ H, OH, HO2 ], [ N, NO, NO2, NO3, C1ONO2 ], [ C1, CIO, C1ONO2,
C1202, OC10, HCI, HOC1 ], [ Br, BrO, HBr, HOBr, BrONO2 ], [ CH4, CH3, CH3OOH,
CH302, CH30, CH20, HCO ], HNO4, HNO3, N205, N20, H202, H20, CO, CH3Br,
CC14, CH3CI, CH3CC13, CFC13, CF2C12, CHCIF2, C2C13F3, CBrCIF2, CBrF3.
The model calculates the diurnal average of the family mixing ratios in the following
way. First, every 10 days, the daytime average photolysis rates are estimated using a 5-
point Gaussian integral over longitude. These photolysis rates are used to partition the
families, so a nominal daytime mixing ratio is determined for each member of the family.
The 24-hour average rate of change of a family mixing ratio is the weighted sum of a
daytime rate and a nighttime rate. The daytime rates are found using the daytime mixing
ratios of family members. Most of the nighttime rates are taken to be zero assuming that the
following species are negligible at night:- O(ID), O, OH, H, HO2, NO, N, CH 3, CH30,
CHO, C1 and C10. Non-zero nighttime rates come either from rain-out or from reactions
involving species that are assumed to have little diurnal variation.
Tropospheric rain-out occurs for HNO3, HC1, HBr, HNO4, H202, CH20 and
CH3OOH.
Photolysis rates are calculated using the solar flux data from WMO (1986) and the cross
sections from DeMore et al. (1990). The 02 and 03 cross sections from WMO (1986) are
used. The NO2 cross section is taken from Allen and Frederick (1982).
Photolysis rates take into account the variation with height of the number of daylight
hours per day at a certain latitude and the illumination of regions above the surface polar
night.
RADIATION
Heating due to absorption of solar UV radiation is calculated using the 02, 03 and NO2
cross sections mentioned above. The scheme described in Haigh (1984) is used to calculate
the heating due to absorption of solar energy in the near infrared by H20, CO2, 02, CH4
and N20. Haigh's scheme for long-wave cooling due to H20, CO2 and 03 is also used.
The Ramanathan (1976) parameterization of CO2 and 03 absorptance is known to over-
estimate the cooling through its treatment of Doppler broadening. Modeled mixing ratios are
used for all the above calculations, which are performed everywhere above the tropopause.
As with photochemistry, the variation of daylight with height and the illumination of
regions above the surface polar night are taken into account in the heating rates.
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DUPONT Two-Dimensional Model
D. A. Fisher, C. Miller, C. H. Hales,
R. W. Nopper, Jr., and D. L. Filkin
Du Pont Experimental Station
Substantial revisions have been made to the DuPont two-dimensional model since the
two-dimensional Intercomparison Workshop in 1988. We have converted to straight
latitudinal coordinates (from sine of latitude), and modified the latitudinal resolution to
better represent behavior near the poles. We have modernized the parameterization of
mean meridional transport by replacing the approximation of Murgatroyd and Singleton
(1961) by a state-of-the-art diabatic circulation based on detailed calculation of net
heating rates, using contemporary spectral parameters in a random band model of the
thermal IR. Magnitudes of the eddy diffusion coefficients in the stratosphere have been
substantially reduced to reflect current understanding of stratospheric dynamics. Finally,
we have modified our spatial discretization scheme and time integration procedures to
effectively deal with the complexities of advection-dominated transport.
DOMAIN AND RESOLUTION
Latitude range (poleto-pole):
• 25 grid boxes (7.2 degrees equally spaced latitude resolution)
Altitude range (0-60 kin):
• 20 grid boxes (3-kin resolution - log pressure)
CHEMISTRY
Approximately 125 chemical and photochemical reactions.
Approximately 35 active chemical species.
All species transported independently (no families), except:
• Ox family
• Photochemical equilibrium of N and H
Diurnal Effects:
• "Two-tank" approximation (Miller et al., 1979)
• Seasonally and latitudinally varying tank sizes
- Daytime and nighttime average mixing ratios calculated
• 17 diurnally active shorter-lived species
• Remaining species: 24-hour averages
PHOTOLYSIS
126 spectral intervals from 175.4 to 735 nm.
Multiple scattering:
• Rayleigh phase function (Miller et al., 1978)
Schumann-Runge:
• Penetration: Nicolet and Peetermans (1980)
• 02 Photolysis: Nicolet and Peete_ans (1980)
• NO Photolysis: Frederick and Hudson (1979)
Daytime averaging of J's: 4-point Gaussian quadrature.
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MEAN TRANSPORT
Based on calculated diabatic circulation, but reduced somewhat below 25 km to better
match long-lived chemical tracers such as N20, CH4, and 03
NET HEATING RATES
Based on SBUV ozone
Solar UV & visible: analogous to photolysis rate calculatioias _
Solar Near-IR: neglected (thus, results valid in stratosphere only)
Thermal IR: -Random Band model (CO2, 03, and H20)
-39 spectral intervals
-Band parameters (Kuhn, 19:78)
-Curtis-Godson averaging
-Fel s (1979) Voigt shape approximation
-Analytic differentiation of flux equation
Latent Heat of Condensation: neglected (thus, results valid in stratosphere only)
EDDY TRANSPORT
In the current version, Kyy and Kzz do not vary temporally.
SU'atosphere
Kyy (cm2 s-l) 3 x 109
Kzz (cm2 s-l) 1 x 103
NUMERICAL SOLUTION OF SPECIES TRANSPORT EQUATIONS
YTmazo. a  
7.5 x 109
1 X 105
Spatial discretization:
• Second order upwinding in log of mixing ratio for mean transport
• Second-order central differencing for eddy transport
• Diurnal average mixing ratio transported
Temporal integration: time-splitting algorithm
• Backward Euler chemistry time step
• Explicit transport time step
Time step: 1 day maximum
DATA BASE
• Temperature: NMC 4-year monthly average
• Solar Flux: WMO (1986)
• Cross Sections: WMO (1986) and JPL (1990)
• Water Vapor below 15 km: RH specified vs y & z
• Rainout of soluble species below 10 km: 5-day lifetime
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I. GISS Photochemical Model
Michael Prather
University of California, Irvine
The GISS/UCl/Harvard photochemical model has evolved since 1978 (Logan et al., 1978)
from a global one-dimensional vertical diffusion model used in early o_one as_se_ssments to a
high-resolution box model for use in the three-dimensional chemical parameterizations and other
evaluations of stratospheric and tropospheric chemistry (see model references). I have attempted
to document the unique features of this model, especially (1) the calculation of Rayleigh
scattering, which should be a nearly "exact" solution, and (2) the spherical approximation to the
solar extinction, which has been used for a decade in terms of Chapman-like function of the total
overhead columns of 02 and 03, but now includes full ray-tracing back to the sun allowing for
pressure and temperature dependences of the absorbing molecules.
This paper documents the wavelengths and cross sections, the numerical methods of the
chemical package, the monochromatic scattering calculation, and the spherical approximation for
solar radiation.
WAVELENGTHS AND CROSS SECTIONS
The wavelength quadrature in current use is based on the Harvard model (pre-1978), and a
summary of the wavelengths, solar fluxes, and major cross sections are given in Table 1.
Although every effort is made to ensure equivalence of this wavelength structure with
NASA/JPL-90, lack of a standard wavelength quadrature precludes this (probably a good thing
too!).
A notable, intentional difference between these calculations and the recommendations occurs
for wavelengths less than 200 nm in the Schumann-Runge bands. Thisdifference affects most
notably our calculation of photolysis rates for 02, NO, CF2C12, and N20. We use the opacity
distribution functions for each of the S-R bands developed by Fang et al. (1974). The original
formulation (Logan et al., 1978) has been updated to correct for errors in band strengths, and
most recently to allow for a linear dependence of the opacity distribution function on local
temperature. The cross section per average air molecule for Rayleigh scattering, O'Ray, is
derived from the index of refraction for air at 1 bar, 15°C,
n = 1 + 10 -6 [64.328 + 29498.1/(146 - 12) + 255.4/(41 - 1"2)],
O'Ray = 5.4x10 "21 (n-l) 2 1-4 cm 2 molecule "1
with 1 the wavelength in microns (10-6 m).
|
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CHEMICAL CONTINUITY EQUATIONS
The chemical kinetics package is a fairly standard implementation of NASA/JPL-90. The
model includes a complete CH4 oxidation scheme, but no higher hydrocarbons. Chlorine and
bromine chemistry are included, but no fluorine chemistry. The numerical method of solution is
inverse-Euler: a first-order, fully implicit scheme that is solved at a fixed set of grid points (i.e.,
times) during the day,
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=
dnj / dt Iti = [nj(ti) - nj(ti_l) ] / [t i - ti_l] = [P-L]j(n(ti))
where [P-L] i is the net chemical production of species j at time ti, which depends on the radiation
field as well" as on the densities of other species at the forward time step. The initial conditions,
ni(t i -1), are given along with a guess for ni(ti ). This guess is used to evaluate [P-L] i and the
J_tcobian matrix O[P-L]j/_)nk. The guess i_ iteratively corrected (Newton-Raphson)-until the
equation is solved to an accuracy of 1 part in 1010 or the successive corrections are less than 1
part in 106.
The quadrature points used to integrate over 24 hours are given in Table 2 for the examples
of high accuracy simulations (N = 30, used in the M&M work) and coarse temporal resolution (N
= 15, used for quick calculations). The coarse grid is accurate to better than about 3% in terms of
average rates. Note that the time steps are chosen to be symmetrical about local solar noon, and
thus the photolysis rates calculated for a point in the afternoon can be used also for the conjugate
point in the morning. The inverse Euler method leads to an averaging of the time points for a
quantity J (photolysis, reaction rate, density, etc.) in the form
< J >24hr =
N
E
i=2
Ji ¥ (ti " ti-1) / 86400 .
A diurnal photochemical steady state is defined here as a repeating 24-hour cycle of species
densities, i.e., nj(tl) = nj(tN), which by definition means that <[P-L]i>24hr = 0. The solution for
this steady state is not trivial; a second level of Newton-Raphson finearization (on top of each
daily integration) is used to iterate on the initial species concentrations, nj(ti), so that the above
condition is met to 1 part in 104.
MONOCHROMATIC SCATTERING ATMOSPHERE
The optical properties of a plane-parallel scattering atmosphere are defined completely in
terms of extinction optical depth t, cross sections for absorption flabs and scattering o-scat (e.g.,
cm2 molecule-l), and a scattering phase function P. By convention z = 0 at the top of the
atmosphere and t = tN at the bottom. For an atmosphere defined in terms of altitude z (e.g., cm),
total number density N (e.g., molecules cm-3), and mixing ratio by molecular species i of fi, the
optical depth is defined as
at = -[ E ( °'iabs + criscat)fi(z)] N(z) dz = - [E ffiextfi(z)] N(z) dz
i i
and the single scattering albedo, a local quantity, as
E °'iscatft_z)
- i
E ( O'iabs +tYiscat)fi(z)
i
The cr can also be functions of the local conditions such as temperature and pressure. The phase
function must be similarly weighted if different types of scattering occur within the atmosphere
(e.g., isotropic, Rayleigh, Mie).
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+The equation of radiative transfer for a plane-parallel, scattering atmosphere with an incident
flux of 1 photon cm-2 s-1 at zenith angle of cos-l(-l.t0) with azimuth angle ¢0 is
-- +l 2_r
d/ co(t) , , , ¢,
I.t_-(tt,l.t,O)=I(t,l.t,¢)---_- x-- f dl.t' f dO' P(t,l.t,¢;l.t,¢ )I(t,l.t, )
-1 0
(t) P(t,tt, 0 -t/laO
--£f- . _ ;-_00) e
where I is the specific intensity (photons cm_2-s -1 steradian-1), _ is the cosine angle relative to the
zenith (+1 pointing upward_), and 0 is the azimuthal angle relative to the sun at 00. Both the
single scattering albedo co and the scattering phase function (P) may vary throughout the
atmosphere asfunctionSOft. - .... " _.... _ _! _-_ : _ : : :-::::
Photolysis rates are proportional to the mean intensity, <I>, which can be derived from the
average specific intensity and the incident solar beam when the upper boundary condition does
not explicitly include the solar term,
</(t)> = 4n 7(0 + e -t_
The mean intensity 7 can be derived from the zeroth-order moment of the specific intensity
expanded in terms of the azimuthal angle according to Chandrasekhar (1960),
where
1 +1
7 (t) = _ f
-1
2_ +l
1
dl.t f dO l(t,l.t,0)=_ f dl.tl0(t,t.t)
0 -1
+
_- . ;
oo
I (t,l.t,O) = E lm(t'J't) cos[m(0-00)]
m=0
'0' = m ' O' •P (t,g, 0 ;It, ) _ e (t,l.t;I.t,) cos[m( 0- )]
m=0
The specific intensity should be treated as a vector including the four Stokes parameters (i.e.,
I, Q, U, V, see Chandrasekhar, 1960) which describe the intensity, polarization, plane of
polarization, and ellipticity of the light field. Similarly, the scattering phase function P is a
matrix coupling the Stokes parameters (e.g., Chandrasekhar, 1960, pp. 35ff; Prather, 1974).
However, we adopt a Rayleigh phase function, 3/4 (1 + cos2@), effectively assuming that all
light, including scattered, is natural. [N.B. Depolarization by air would change this phase
function to 3/4 (1.02 + 0.94 cos2®, but is not included here.) In our coordinate system the
scattering angle O is decomposed as
cosO = i.ttl' + (1-_t 2 )1/2(1-bt'2 )1/2 cos(O-O' ) .
Z
___,|
E|
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Thezeroth-orderRayleighphasefunctionis then
(_t;it') = 3 [3- _t2 - I.t'2 +pO 3it 2 It'2]
and the equation of radiative transfer for the zeroth moment I0 is now expressed as,
-- +1
d/0 w (t)
t'It)=1°(t'it)- 2 J"
-I
!
dit' p0 (it,;it') I (t,it')- _ p0 (it;it0) e -t/l_0
where we assume that all scattering throughout the atmosphere is Rayleigh phase and hence p0 is
independent of t.
In general, we note that the scattering phase function can be broken into even and odd
components, p0 = peven + podd, such that
• w r t
p even (it,_t) = P even (_it,it) = p even (it,-I.t) = P even (_it,_it)
p odd (it,it') = .p odd (-_t,it') = -P odd (it,_it') = +p odd (_it,_it') .
It is useful to reformulate the equation of radiative transfer by defining
J (t,it) -- 1 [I 0 (t,+l.t) + I 0 (t,-it)]
1 I 0 for 0< <1h (t,it) E _ [I 0 (t,+it) + (t,-it)] - I.t -
The equation for I0 can be split into even and odd terms
+1
It_(t,it) = h (t,it) - _(t) f
0
• , co(t) odd -t/laO
dit'p°dd(_t;t.t )h (t,it)+_ P (it;it0) e
+1
dh
It_t" t,it)=j (t,it) - _(t) f
0
• , 09 (t) p even -t/_
dlx" P even (it;it)j (t,it) -_ - (It;g 0 ) e
The integration over angle It is approximated by a set of Gaussian quadrature points and
weights over the interval [0,1]. In general, we would need M Gauss points to represent
accurately the scattering phase function expressed as a polynomial of order 2M-l, but for
Rayleigh phase (second-order polynomial) we choose M = 3:
_i = {0.1127016654,0.50(0)0(0)0_,0.8872983346}
and weights
a i = {0.2777777778,0.4444444444,0.2777777778}.
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The integro-differentialequationsabovebecomecoupleddifferential equationsfor I(t,l.tk),and
theintegralsarereplacedby sums,e.g.,
+1 M
d_ I (t,l.t) =
0 k=l
I (t,Bk) a k .
At each level t the scattering couples all angles. This form of coupled first-order equations is
solved in the general scattering case (i.e., Mie) by a coupled finite difference formulation (i.e.,
spatial leap frog) with j(ti,Bk) and dh/dt being defined at odd points along the t-grid and h(ti,l.t)
and dj/dt, at even grid points (see Jacob et al., 1989).
Because the Rayleigh scattering phase function is even in B, p0 = peven, we can combine the
two first-order differential equations for j(t,_) and h(t,B) into one second-order differential
equation for j(t,B)
+iI.t t,l.t) = j (t,l.t) - _ (t)
0
n
, ,) co(t) -tOocl/ pO )j(t,_ ---T-_ P ° (p.;-_to ) e
where
1 0
j (t,B)-_[l (t,+B)+lO(t,-B)] for 0<_<1 .
The upper boundary condition assumes no incident light except for the solar beam,
la_ It=0 = j(t=O,la)
and the lower boundary condition assumes that a fraction of the incident flux is reflected
isotropically (i.e., Lambert surface with reflectivity L),
dj I i + _ j(t=tN,l.t )I'tdt lt=tN - 2
where the reflected intensity I+ is
1
i+ _ L _tha0L+I [l't0 e + 4x f j(t=tN,I.t)I.t d_t].
0
Once reduced to a single second-order differential equation, we can solve it as a second-order
finite difference equation for each j(ti,Bk); we no longer solve for h(t,l.t). At each level ti there is
an MxM matrix equation relating j(ti-l,l.tk), j(ti,t.tk), and j(ti+l,Bk), for k = 1 to M. This set of
equations plus the two boundary conditions define a block tridiagonal system of NxM variables.
The solution (P. Feautrier, 1964) is exact, non-iterative and computational costs scale as NM 3.
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SPHERICAL SOLAR RAY PATH
The path from a given altitude Zk (defined relative to the surface radius R) back to the sun is
computed in a spherical atmosphere, but without any refraction or bending of the path. [N.B.
The index k is used here to denote a standard level in the atmosphere rather than an angle
quadrature point as in the previous section!] Let B0 (k) > 0 be the cosine of the solar zenith
angle at level k, then the cosine of the solar zenith angle at the next level k+l is given by
(1 - B0 2(k))( R + Zk) 2 = (1 - B0 2(k+l))( R + Zk+l) 2,
and the path length between the two levels is
Xk._._k+l = (R + Zk+l)[t 0 (k+l) - (R + Zk)pO (k).
This path is apportioned equally to levels k and k+l, and thus each standard level j > k has a
length (i.e., weight) associated with it that is a function of the geometry and the cosine of the
solar zenith angle at level k (i.e., time of day).
Zj k = 1/2 (xj_j__l +xj__>j+l ) j > k
Zk k = 1/2 Xk__>k+l'
while at the uppermost point L,
ZL k = 1[2 XL_I.__L + H/l.t 0 (L)
where H is the scale height of absorber at the top of the atmosphere (assumed to be 5 km here)
and go(L) is the cosine of the solar zenith angle at level L for the ray traced from level k with
cosine angle g0(k).
These path lengths define the extinction of the solar beam along a spherical ray path back to
the sun and allow for the cross sections to vary as a function of the local temperature T and
density N. The solar term in the equations above is replaced,
L
exp[-tk/Bo] _exp[- _ Zjk N(zz)[ _ ffiext(Nj,Tj)j_ (zj) ]l
j=k i
and the local solar angle, go(k), is used in the phase function, P0(kt,- go(k)), for the scattering
source term at level k.
For solar zenith angles greater than 90" [go(k) < 0], this formulation is extended to levels
below k by integrating the path from Zk to the terminator altitude zt, defined where g0(t) = 0
z t = (1-I.t02(k))l/2(R+zk) - R
and doubling these weights (i.e., folding the path about the terminator where SZA = 90*). We
stop all photolysis when local solar zenith angles exceed 97", corresponding to altitudes 46 km
and below being in shadow.
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Table 1. Wavelengths, Solar Fluxes, and Selected Cross Sections
....................................................................................................................
Cross Sections (10-21 cm2 molec-1)
Wavelength (nm) Solar Flux 02 03 OOD) Yield
# mid interval phot cm-2s-1 230K %/100K 230K 300K
...................... . ......................... _....... ........................................................ .---
1 122 5.60E+11 10.0
2 170 168- 173 3.92E+11 880.0 835 0
3 175 173-178 5.89E+11 270.0 808 0
4 180 178 -183 8.18E+11 S-R 773 0
5 185 183-188 1.00E+12 S-R 660 0
6 190 188- 193 1.61E+12 S-R 516 0
7 195 193- 198 2.42E+12 S-R 388 0
8 200 198-203 3.52E+12 S-R 322 0
9 205 203- 208 5.22E+12 0.00750 370 0
10 210 208- 213 1.18E+13 0.00700 586 0
11 215 213-218 1.81E+13 0.00570 1050 0
12 220 218 -223 2.41E+13 0.00440 1820 0
13 225 223- 228 2.86E+13 0.00350 2970 0
14 230 228- 233 2.81E+13 0.00260 4430 0
15 235 233- 238 2.70E+13 0.00140 6250 0
16 240 238- 243 2.93E+13 0.00090 8150 0
17 245 243 -248 3.43E+13 0.00060 9810 0
18 250 248-253 3.10E+13 0.00025 II100 0
19 255 253- 256 3.24E+13 0.00010 11400 0
20 258 256-260 5.43E+13 11300 0
21 263 260- 265 9.64E+13 10300 0
22 268 265- 270 1.62E+14 8760 +0
23 273 270-275 1.47E+14 6720 +1
24 278 275- 280 1.23E+14 4850 +2
25 283 280- 285 1.61E+14 3000 +4
26 288 285 -290 2.50E+14 1820 +6
27 293 290-295 4.09E+14 971 +9
28 298 295 -300 3.78E+14 515 +13
29 303 300-305 3.95E+14 251 +17
30 308 305-310 4.80E+14 126 +22
31 313 310-315 5.30E+14 61.8 +27
32 318 315-320 5.68E+14 31.7 +33
33 323 320-325 6.44E+14 14.9 +40
34 328 325-330 7.55E+14 7.07 +47
35 333 330-335 7.98E+14 3.44 +54
36 338 335 -340 8.08E+14 1.41 +63
37 343 340 - 345 8.24E+14 0.61 +72
38 348 345 - 350 8.34E+14 0.275 +81
39 353 350 - 355 8.85E+14 0.112 +92
40 358 355-360 8.78E+14
41 363 360- 365 9.39E+14
42 368 365-370 1.07E+15
43 373 370-375 1.04E+15
44 378 375-380 1.05E+15
45 383 380-385 1.01E+15
46 388 385-390 1.01E+15
47 393 390- 395 1.03E+15
48 398 395-400 1.30E+15
49 403 400-405 1.69E+15
50 600: In,grated 03 photolysisover Chappuis band = 3.44E-4 s -1
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 0.9
0.9 _ 0.9
0.900 0.900
0.890 0.900
0.5g0 0.760
0.070 0.300
0.000 0.035
0.000 0.000
0.0 0.0
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Table 1 (continued) Wavelengths, Solar Fluxes, and Selected Cross Sections
.......................................................................................... w .....................
Schumann-Runge Bands Cross Sections (10 -21 cm2 molec-1) by %-ile at 190 K
band interval (nm) 0-5% 5-25% 25-50% 50-75% 75-95% 95-100%
.................................................................................... - ............................
(14,0) 177.5- 178.3 4.330 4.880 6.630 16.000 71.800 1260.00
(13,0) 178.3- 179.3 2.100 2.320 3.020 6.300 34.500 631.00
(12,0) 179.3- 180.4 0.5950 0.9750 2.530 7.570 73.500 713.00
(11,0) 180.4- 181.6 0.3330 1.0200 4.090 16.200 87.700 373.00
(10,0)# 181.6- 183.1 0.5000 0.5000 2.000 5.000 60.000 900.00
(9,0) 183.1-184.6 0.3500 0.4020 0.6660 2.210 17.100 234.00
(8,0) 184.6-186.3 0.0835 0.1280 0.4800 2.380 17.000 114.00
(7,0) 186.3- 188.2 0.0367 0.0481 0.1350 1.180 12.100 78.000
(6,0) 188.2- 190.2 0.0208 0.0255 0.0506 0.2720 1.820 18.100
(5,0)## 190.2-192.5 0.0164 0.0186 0.0326 0.1660 1.630 14.100
(4,0) 192.5-194.7 0.0150 0.0157 0.0198 0.0616 0.5780 3.990
(3,0) 194.7-197.2 0.0100 0.0100 0.0103 0.0161 0.1090 1.410
(2,0) 197.2- 198.5 0.0090 0.0091 0.0091 0.0147 0.0463 0.4350
(1,0) 198.5-200.0 0.0080 0.0080 0.0080 0.0080 0.0080 0.0204
(0,0) 200.0-202.5 0.0080 0.0080 0.0080 0.0080 0.0080 0.0159
........................................................... -- .....................................................
Schumann-Runge Bands Cross Sections (10 -21 cm2 molec-1) by %-ile at 270 K
band interval (nm) 0-5% 5-25% 25-50% 50-75% 75-95% 95-100%
(14,0) 177.5- 178.3 5.780 7.160 10.300 25.100 97.900 1250.00
(13,0) 178.3- 179.3 2.860 3.260 4.320 9.100 47.100 676.00
(12,0) 179.3- 180.4 1.190 1.800 3.750 9.340 85.400 653.00
(11,0) 180.4 - 181.6 0.651 1.970 6.750 21.800 97.300 326.00
(10,0)# 181.6- 183.1 0.6500 0.6500 3.000 8.000 60.000 900.00
(9,0) 183.1-184.6 0.3900 0.4900 0.9490 3.330 21.300 219.00
(8,0) 184.6-186.3 0.1290 0.2180 0.8280 3.460 19.300 103.00
(7,0) 186.3-188.2 0.0626 0.0780 0.2620 1.830 12.500 67.300
(6,0) 188.2- 190.2 0.0274 0.0358 0.0864 0.4030 2.130 17.400
(5,0)## 190.2- 192.5 0.0195 0.0244 0.0489 0.2870 1.950 12.700
(4,0) 192.5-194.7 0.0150 0.0177 0.0292 0.1030 0.6860 3.550
(3,0) 194.7- 197.2 0.0100 0.0101 0.0111 0.0215 0.1390 1.360
(2,0) 197.2- 198.5 0.0090 0.0091 0.0096 0.0154 0.0490 0.4840
(1,0) 198.5-200.0 0.0080 0.0080 0.0080 0.0080 0.0080 0.0285
(0,0) 200.0-202.5 0.0080 0.0080 0.0080 0.0080 0.0080 0.0182
# NO delta-(1,0) dissociation: effective cross section = 1.31E-17
## NO delta-(0,0) dissociation: effective cross section = 3.50E-18
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Table 1 (continued) Wavelengths, Solar Fluxes, and Selected Cross Sections
Cross Sections (10 -21 cm2 molec-1)
..... .... ....
1 122 2600 7500
2 170 70 15000
3 175 119 11000
4 180 135 6300
5 185 128 260
6 190 99 293 10000 15600 5550
7 195 62 242 10000 11500 3580
8 200 31.8 250 9200 6600 2930
9 205 13.6 375 8200 2930 2930
10 210 4.9 385 5600 1050 3300
11 215 1.51 402 3700 356 3620
12 220 0.43 396 2200 151 3480 1800
13 225 0.116 324 1440 86.7 2820 2000
14 230 0.0324 243 990 56.5 2060 3400
15 235 0.0101 148 770 37.2 1410 4600
16 240 .00376 67 620 25.7 985 5800
17 245 .00170 43.5 520 21.0 706 6200
18 250 .00094 28.3 400 19.1 526 6000
19 255 .00063 14.5 320 19.0 398 5600
20 258 0 16.7 290 18.9 350 5000
21 263 19.7 230 17.9 275 4000
22 268 25.9 180 16.5 210 3100
23 273 35.7 145 14.7 160 2300
24 278 47.8 124 12.2 123 1900
25 283 62.7 90 9.97 90.0 1650
26 288 72.3 64.6 7.30 64.0 1350
27 293 82.8 44.2 5.10 46.0 1150
28 298 102 30.2 3.25 31.0 1050
29 303 139 20.6 1.93 22.0 925
30 308 172 14.1 1.08 15.5 775
31 313 200 9.60 0.560 10.8 625
32 318 232 6.60 0.220 7.60 475
33 323 254 4.50 0.080 5.50 370
34 328 278 3.10 0.035 4.10 310
35 333 309 2.10 0.010 3.20 250
36 338 339 1.44 0 2.60 190
37 343 361 0.980 2.30 128
38 348 363 0.670 2.00 111
39 353 412 0.460 1.90 94
40 358 441 0.314 1.75 77
41 363 481 0.214 1.62 60
42 368 526 0.146 1.48 52
43 373 506 0.100 1.35 44
44 378 544 0.068 1.20 36
45 383 575 0.047 1.05 27
46 388 560 0 0.94 25
47 393 549 0.80 22
48 398 510 0.63 19
49 403 550* 2.60* 44*
* Adjusted for cross section beyond 400 nm
1240 3160 10000 3800
1770 3130 10000 3940
1730 3080 7720 3780
1200 2460 3870 2650
553 1780 144 1920
205 1070 730 1300
62.0 600 648 810
18.0 300 580 440
4,41 119 466 210
1.23 42.0 303 80.0
0.300 14.0 170 32.0
0.086 4.80 86.0 11.0
0.020 1.80 40.7 4.00
0.005 0.640 18.8 1.20
0 0.237 7.84 0.36
0.094 3.72 0
0.050 1.83
0.030 0.660
0.022 0.450
0.012 0.200
010077 0.100
0.0055 0
0
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Table 2. Solar Zenith Angle and Time S_ps for 30N, +15 ° Solar Declination
............................................................................................................
High Resolution Low Resolution
j sec(0=noon) cos(SZA) j sec(0=noon) cos(SZA)
1 0. 0.966 1 0. 0.966
2 3864. 0.933 2 86400. 0.876
3 7729. 0.837 3 12882. 0.625
4 11593. 0.686 4 19322. 0.267
5 15458. 0.491 5 24475. -0.044
6 18034. 0.344 6 27051. -0.194"
7 20611. 0.190 7 30281. -0.364*
8 22672. 0.064 8 36741. -0.616"
9 23702. 0.002 9 46430. -0.684*
10 25248. -0.090 10 59349. -0.194"
11 26021. -0.135" 11 61925. -0.044
12 27051. -0.194" 12 67078. 0.267
13 28666. -0.282* 13 73518. 0.625
14 30281. -0.364* 14 79959. 0.876
15 36741. -0.616" 15 86400. 0.966
16 43200. -0.707*
17 49659. -0.616" * The atmosphereistotally dark
18 56119. -0.364* forcos(SZA) <-0.12.
19 59349. -0.194"
20 60379. -0.135"
21 61152. -0.090
22 62698. 0.002
23 63728. 0.064
24 65789. 0.190
25 68366. 0.344
26 70942. 0.491
27 74807. 0.686
28 78671. 0.837
29 82536. 0.933
30 86400. 0.966
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II. GISS Three-Dimensional Stratospheric Tracer Model
Michael Prather
University of California, Irvine
The GISS three-dimensional Stratospheric General Circulation Model has been analyzed as a
dynamical model by Rind and co-workers at GISS [see references]. A single year of model
winds from the 23-layer version has been archived for use in the Chemical Transport Model
(CTM). This annual cycle of winds is repeated, and for steady-state calculations about six
sequential model-year simulations are needed. The stratospheric CTM has been applied to
meteoric infall, ozone, nitrous oxide, and (for the M&M Workshop) 14CO2 (see references). A
table describing themodel is given below. Although the vertical resolution _s extremeiy _rarse
(and may lead to errors in the GCM), the CTM uses a second-order moments scheme for the
tracer, which is numerically accurate and capable of maintaining large (x 10) gradients between
adjacent grid b0_es,
The ozone calculations for M&M use a iinearized chemistry for 03 that depends only on the
local ozone mixing ratio. A full table of chemical coefficients was calculated, using the
photochemical model described here, for 18 latitudes and 12 months at all model levels in the
stratosphere (above 200 mb). The photochemical calculations were based on monthly zonal-
mean climatologies derived by McPeters & Jackman (private communication). N.B. The 03
chemistry does not respond to changes in temperature or overhead column. The N20
calculations used similar look-up tables for the loss frequency (photolysis and O(ID)) for the
18x12 standard atmospheres. In the M&M simulations, 14CO2 is treated as a trace gas; the
settling velocities needed for the 90Sr experiment have not yet been implemented.
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Table 1. GISS Three-Dimensional, 21-layer, "8*x10 °'' Chemical Transport Model
.................................................................................................................
L= pressureJ= latitude
..... S. Pole
1
...... 86.1
2
...... 78.3
3
...... 70.4
4
...... 62.6
5
...... 54.8
6
..... -47.0
7
...... 39.1
8
...... 31.3
9
...... 23.5
10
...... 15.7
11
...... 7.8
12
..... Equator
13
..... 7.8
14
..... 15.7
15
..... 23.5
16
..... 31.3
17
..... 39.1
18
..... 47.0
19
..... 54.8
20
..... 62.6
21
..... 70.4
22
..... 78.3
23
..... 86.1
24
..... N. Pole
..... 984*
1
..... 960*
2
..... 929*
3
..... 884*
4
..... 797*
5
..... 664*
6
..... 507*
7
..... 346*
8
..... 203*
9
..... 100.
10
..... 46.4
I1
..... 21.5
12
..... 10.0
13
..... 4.64
14
..... 2.16
15
..... 1.00
16
..... 0.464
17
..... 0.216
18
..... 0.100
19
..... 0.0466
20
..... 0.0215
21
..... 0.0022
LONGITUDE GRID: 10 ° FROM 175W
OPERATOR-SPLIT TIME STEP: 4-HR
TRACER: SECOND-ORDER MOMENTS
* SCALES WITH SURFACE PRESSURE
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GSFC Fast Two-Dimensional Model
Charles H. Jackman and Anne R. Douglass
Goddard Space Flight Center
GENERAL INFORMATION
The GSFC two-dimensional fixed transport model has a latitude domain from 85S to
85N with 10-degree latitude bands. The original altitude extended from the ground to 0.23
mb (0 to about 60 km) and was described in Douglass et al. (1989) and Jackman et al.
(1989). The altitude levels are equally spaced in log pressure and are approximately 2 km
apart. Since these data were published certain applications of the model have required a
higher upper boundary, and Jackman et al. (1990) describe our extended model which goes
from the ground up to 0.0024 mb (0 to about 90 kin). Both versions of the modelhave
been and are being used depending on the requirements of the investigation.
Twenty eight species or families are transported in the model (defined below) including
Ox, NOz, Clz, Bry, HNO3, N205, C1ONO2, HCI, N20, CH4, H2, CO, CH3_H, CFCi3,
CF2C12, CH3C1, CC14, CHC1F2, C2C13F3, C2C12F4, C2C1F5, CH3CC13, CBrC1F2,
CBrF3, CH3Br, HF, CC1FO, and CF20. H20 is fixed to LIMS measurements and
climatology using a scheme described in Jackman et al. (1987). The typical model time step
for most simulations is one day; however, the model time step has been reduced to 1.5
hours for some applications involving tracers.
CHEMICAL REACTION RATES AND PHOTOLYSlS CROSS SECTIONS
There are 103 binary and tertiary gas-phase-only reactions in our model. Most reaction
rates are taken from JPL (1990). We do use the reaction rate of 3.9 x 10(-12) exp(- 1885/T)
for the OH + CH 4 reaction recommended for assessment runs shown in chapter 8 of the
latest UNEP report (WMO, 1992).
There are 39 wavelength intervals included in our radiative transfer scheme (Douglass et
al., 1989). Multiple scattering (see below) is applied, and 37 photolysis rates are computed
every 10 days of model time, primarily using JPL (1990) cross sections. Solar irradiance
values at the top of the atmosphere are taken from Table 7-4 of WMO (1986). Cross
sections used in the Schumann-Runge band photolysis of 02 and the delta bands photolysis
of NO are taken from Allen and Frederick (1982). Cross sections used in the Herzberg
continuum photolysis for 02 are taken from Table 7-4 of WMO (1986). Temperature-
dependent absorption cross sections for C2F3Ci3, C2F4C12, and C2F5C1 are taken from
Simon et al. (1988). Temperature-dependent absorption cross sections for CFCI3,
CF2C1Br, and CF3Br come from a communication dated January 30, 1992, with enclosures
by M. K. W. Ko (AER, Inc.), which are recommended kinetic data compiled by Stan
Sander to be included in the upcoming NASA Report on "Concentrations, Lifetimes, and
Trends of Chlorofluorocarbons, Halons, and Related Molecules in the Atmosphere" (in
preparation, 1992).
FAMILY CHEMISTRY
Well-known family chemistry approximations are used to reduce the number of
transported species in the model. These approximations presume that dissociations and
reactions that produce interchanges among family members are rapid compared with
dissociations and reactions that are sources or sinks for the family. The transported families
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andincludedconstituentsconsistof Ox (03, O(3P),andO(ID)), NOz (N, NO, NO2,NO3,
HO2NO2), Clz (CI, C10, and HOC1), Bry (Br, BrO, HBr, and BrONO2). Other
constituents,whicharecomputedfrom photochemicalequilibriumapproximations,include
H, OH, HO2,H202, CH20, CH3,CH30, CH302, andCHO. Furtherexplanationof this
family chemistryapproachandourhandlingof constituentsat nightis includedin Douglass
et al. (1989).
HETEROGENEOUS CHEMISTRY
Two heterogeneous processes are included that are thought to be important reactions on
the lower stratospheric sulfate aerosol layer. Reactions N205 [+H20 in aerosol] -> 2 HNO3
(Reaction probability G1 = 0.1) and CIONO2 [+H20 in aerosol] -> HNO3 + HOCI
(Reaction probability G2 = 0.006 exp[-0.15(T-200)]) are taken from Table 8-8 of WMO
(1992) and are included in our heterogeneous model computations. The aerosol surface
areas, as functions of month, altitude, and latitude, are also taken from Table 8-8 (WMO,
1992). The baseline (lower limit) aerosol amount is simulated by dividing all surface areas
in the table by 4 because of an error when the table was originally formulated. The reaction
rates for the two heterogeneous reactions are represented by the relation
ki = 5200 cm s-1 * Gi * Surface-Area (/cm),
where 5200 cm s-1 is an effective collision velocity.
Some heterogeneous chemistry effects on our model simulations are discussed in
Considine et al. (1992). Current versions of the model do not include a detailed
representation of polar stratospheric clouds and the chemical reactions they catalyze.
MULTIPLE-SCATTERING DESCRIPTION
We have recently improved our multiple-scattering computation (MSC) and now rely on
a two-stream formulation that was developed by Richard S. Stolarski (GSFC) for a
trajectory model. This MSC relies on a solution method discussed in Chandrasekhar (1960;
Eq. [3] on page 56 and Table III on page 62). A system of two linear equations are set up
to describe the upward and downward radiances for each grid point. The upward and
downward radiances depend on both the direct beam of radiation, attenuated through the use
of Beer's law, and the diffuse or scattered contribution. Isotropic scattering is assumed.
The computational methodology is to use the two-stream Gaussian quadrature solution
for each level. Analytic solutions for the scattered radiance at the upper and lower
boundaries of each level are used to derive a set of algebraic equations. In each grid box we
assume that the absorption cross sections for 02 and 03 and the Rayleigh cross section are
constant throughout the grid box. The Rayleigh cross section is taken from Eq. (4.34) of
Brasseur and Solomon (1984). The result for each latitude is a 2n x 2n matrix, which is
inverted to solve for the 2n coefficients of the analytic solutions in the "n" boxes (here "n" is
46, the number of levels in our extended model). The boundary conditions are zero
scattered radiance at the upper boundary and an albedo at the lower boundary, which is set
to 0.3 for all wavelengths. This new multiple-scattering method is currently being tested
more thoroughly.
qr
1
CIRCULATION AND DIFFUSION
The approach of Dunkerton (1978) is used, which assumes that a residual mean
circulation can be derived from the diabatic heating and temperature field if the zonal mean
wind does not change very rapidly. We take our heating rates from two sources: 1) for
pressures from 100 mb to the ground, the heating rates of Dopplick (1974, 1979) are used;
and 2) for pressures above 100 mb, the heating rates of Rosenfield et al. (1987) are used.
The temperature field is a 4-year average (1979-1982) of National Meteorological Center
(NMC) data (Rosenfield et al., 1987). The advection field is changed monthly with the
heating rates and temperature distribution s.
The mean vertical velocity wind field is solved using the heating rates and temperatures.
The vertical velocity field is adjusted at each pressure level to ensure no net global upward
or downward motion across a pressureTevel. This "conserved" vertical velocity field is
used to compute the mean meridional_l-oc_ty wind field throughthe continuity equation.
The horizontal diffusion coefficient Kyy is consistent with the residual circulation
calculated monthly from the temperature and heating rates mentioned above. The algorithm
for this calculation was developed by David B. Considine (NRC Resident Research
Associate at GSFC) and Mark R. Schoeberl (GSFC). The meridional and vertical velocities
are obtained from the heating rates in Dunkerton (1978), using the thermodynamic and
continuity equations with appropriate approximations. The thermal wind equation is used to
calculate the zonal mean wind from the temperature field, and this is then used to calculate
the meridional potential vorticity gradient, as in Matsuno (I970). We then assume that the
only source of momentum in the stratosphere is due to potential vorticity flux and that the
flux is proportional to the meridional gradient of potential vorticity (Newman et al., 1988).
We can then obtain an equation, for Kyy using only quantities .derived from the temperature
field and heating rates, usmg the zonal mean momentum equation.
In a few places this procedure results in negative Kyy. We consider these Kyy values to
be nonphysical and replace them with a small positive value equal to 1 x 10(+8) cm2 s-1 to
avoid computational difficulties. In the troposphere, Kyy changes with decreasing altitude
from the stratospheric value at the tropopause to 2 x 10(+10) cm2 s-1 at the ground. The
off-diagonal.... diffusion coefficients Kyz and Kzy are calculated using the potential temperature
gradient and the Kyy dlstnbuuon (Jackman et al., 1988).
The vertical diffusion coefficient Kzz values are fixed in the stratosphere at 2 x 10(+3)
cm2 s-1. In the troposphere Kzz increases with decreasing altitude from the stratospheric
value at the tropopause to 1 x 10(+5) cm2 s-I at the ground.
TRANSPORT SCHEME
The transport scheme follows Prather (1986) with appropriate modifications for the
coordinate system and for the density variation with height. This scheme conserves the
zero-, first-, and second-order moments of the spatial distribution of a tracer during
advection, and is accurate and nondiffusive. Our transport scheme is discussed in Douglass
et al. (1989).
PROCESS SPLITTING
The speciescontinuity equations are solved by process splitting; that is, by assuming
that the continuity equation may be factored into a product of difference operators (McRae et
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al., 1982). First the advection field is applied to the constituent distributions; then both the
diffusion and chemistry operators are implemented. This methodology is explained further
in Douglass et al. (1989).
OFF-LINE DIURNAL MODEL
The GSFC two-dimensional model calculates the evolution of transported species using
diurnally averaged photochemical production and loss. These quantities are calculated using
daytime average values of many radical species, and the usual output of our model
simulations are daytime average values for constituents.
Daytime average quantities, in general, are not directly.comparable to measurements that
may be appropriate for a particular time of day or for sunrise or sunset. We have developed
a diurnal mode of calculation which will allow us to calculate the full diurnal cycle for any
day of a model run. The long-lived species and families are held fixed. The model is used
in an iterative mode until the radical species reach a repeating diurnal cycle.
This off-line diurnal mode model has not been thoroughly tested and is still undergoing
development. Its first uses have been to simulate the diurnal cycle for certain fixed
atmospheric conditions constrained by ATMOS data as part of this model and measurement
intercomparison.
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/ITALY Two-Dimensional Model
G. Pitari, G. Visconti, and E. Mancini
Universita' degli Studi L'Aquila
The two-dimensional model developed at the University of L'Aquila (Italy) is a pure
transport model: temperature and diabatic circulation are taken offline monthly from the
output of a spectral quasi-geostrophic three-dimensional model (Pitari et al., 1992a) where
03 mixing ratio is predicted along with vorticity and temperature. The advantage of this
approach is that the calculated diabatic circulation is consistent with temperature and ozone,
which in turn are needed for longwave and solar heating calculation. In particular,
longwave heating is a function of the predicted temperature and then a perfect balance is
achieved between solar UV and planetary IR heating rates. This means that no corrections
have to be made on the calculated diabatic vertical velocity to ensure mass conservation.
Longwave heating calculation is based on the methods given by Ramanathan (1976) for
03 and CO2 and by Sasamori (1968) for H20. Solar heating calculation uses the methods
of Lacis and Hansen (1974) for H20 and Vardavas and Carver (1984) for CO2. The 03
solar heating is calculated in detail starting from absorption coefficients and solar fluxes on
small wavelength intervals covering the whole spectrum; a diurnal average is then performed
through a Gaussian quadrature on two zenith angles, this providing a 5% accuracy.
The eddy terms for vorticity and vertical velocity are taken from the same output of the
three-dimensional model to calculate the eddy diffusion coefficients. The method outlined
by Tung (1984) was used, which consisted of an estimate of parcel displacements from the
analysis of seasonal time series of v' and w'. Ky)_ shows typical values of 1-5x108 cm2 s-I
in the tropical stratosphere and values of 3-8x10 _ cm2 s-1 poleward of 30 degrees latitude.
Above 1 mbar Kyy increases, reaching values ranging from 3-5x109 cm2 s-1 in the tropics
and 5-10x109 cm2 s-1 at middle to high latitudes. The largest values are observed during
winter and spring in the northern hemisphere with a peak of 2x1010 cm2 s-1 in the
springtime upper stratosphere and lower mesosphere at 60 degrees latitude. Kzz shows very
low values in the stratosphere (<5x102 cm2 s-l) except poleward of 30 degrees latitude in
the northern hemisphere winter and spring. Kzz=105 cm2 s-1 is used in the troposphere and
Kzz=lO 4 cm2 s-! is adopted above 1 mb to simulate for gravity wave breaking.
The two-dimensional model has a latitudinal resolution of I0 degrees from pole to pole
and a vertical resolution of about 2.8 km from the ground to about 71 km altitude (a log-
pressure coordinate is adopted). The model chemistry includes Ox, HOx, NOy and Cly
families; water vapor is predicted in the stratosphere and is fixed in the troposlShere (but
changed seasonally). The following long-lived species are predicted: N20, CH4, CH3C1,
CC14, CH3CCI3, CFll, CF12, CFll3, CFll4, CF115, CH22. The diurnal cycle is
parameterized, but not explicitly calculated. The two-dimensional model has been fully
described in Visconti and Pitari (1987), although both the chemistry and transport have been
subjected to several important updates. The most important one has been the inclusion of
the ozone prediction along with heterogeneous chemistry on both sulfate and polar
stratospheric clouds (PSC) aerosols. A description of PSC parameterization can be found in
Pitari and Visconti (1991) and Pitari et al. (1992b). Essentially, no attempt is made to
model PSC microphysics: a fixed size distribution is imposed for both PSC-1 and PSC-2
and they are assumed to be formed when temperature is low enough that local mixing ratios
of HNO3 and H20 are larger than saturation mixing ratios for nitric acid trihydrate and water
ice. The temperature dependence of saturation pressures is calculated using the data of
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PooleandMcCormick (1988). The amountof nitric acidandwater vaporexceedingthe
saturationvalueis assumedto condenseinstantaneously,andaerosolsareremovedthrough
sedimentation.AerosolevaporationtakesplacewhengasphaseHNO3andH20 mixing
ratiosarelower thansaturation.
Photodissociationcoefficientsarecalculatedusinga simplified schemefor Rayleigh
scattering(Pitari and Visconti, 1979). Essentially,the methodadoptedis basedon the
combinationof reflectivity andtransmissionof two layers,oneaboveandonebelow the
heightconsidered,andis inspiredby the methoddevelopedby Lacis andHansen(1974),
Reflectivity of the bottom layer takes into account both the ground albedo and the
atmosphericreflectivity, which is calculatedusingpublisheddataandtablesonRayleigh
scattering. Schumann-Rungebandsare treatedusingequivalentmeanabsorption_ross-
sections,following the methoddevelopedby Park (1974). Solarfluxes are takenfrom
WMO (1986)andCrosssections(asweTIasratesfor chemicalreactions)from JPL(I990).
The diurnal average is obtained by averaging the instantaneousphotodissociation
coefficientsat l0 zenithanglesandweightingfor thelengthof theday.
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LLNL Two-Dimensional Chemical-Radiative-Transport Model
Don Wuebbles, Peter Conneli, Keith Grant,
Doug Kinnison, and Doug Rotman
Lawrence Livermore National Laboratory
The LLNL zonally averaged two-dimensional chemical-radiative transport model
currently determines the atmospheric distributions of 54 chemically active atmospheric trace
constituents in the troposphere and stratosphere. The model domain extends from pole to
pole and from ground to 60 kin. The sine of latitude is used as the horizontal coordinate,
with uneven increments corresponding to approximately 10 degrees in latitude. The vertical
coordinate corresponds to the natural logarithm of pressure, with the scale height being 7.2
km and surface pressure as 1013 mb. The vertical resolution is 1.5 km in the troposphere
and 3 km in the stratosphere.
MODEL CHEMISTRY
The photochemistry in the LLNL two-dimensional model represents the tropospheric
and stratospheric interactions of actinic solar flux and the species families Ox, NOy, ClOy,
HOy, CH4 and its oxidation products, and BrOy. The mechanism incorporates 44
transported species and 4 species for which abundance is determined through the
assumption of instantaneous equilibrium. The thermal reactions considered number 105; the
photolytic reactions considered number 47. Source gases used include NOx, N20, CH4,
CO2, and CO; the chlorine compunds CFC11, 12, 113, 114, 115, HCFC 22, CC14,
CH3CC13, and CH3Ci, and the bromine compounds CH3Br, CF2C1Br, and CF3Br. Most
of the thermal reaction rates were taken from the NASA Panel recommendations provided in
JPL Publication 90-1 (JPL, 1990). However, the rate constant for OH + CH4 Used as part
of the United Nations Environmental Program (UNEP) report (WMO, 1992) preparations
was used, representing more recent work. Absorption cross section information was
assembled from JPL Publication 92-20 (JPL, 1992). Emission boundary conditions were
taken from the report, "Scientific Assessment of Ozone Depletion, 1991" (WMO, 1992).
Water vapor is dealt with in a unique way compared with the other chemical species: the
level of water vapor is assigned its climatological value, following the specific humidity of
the Oort climatology, everywhere below the hygropause. Above the hygropause water
vapor is calculated like to all other species, the oxidation with methane being its major
source.
The photolytic loss rate constants are calculated by integrating the product of the
absorption coefficient, quantum yield, and solar flux over wavelength (175 nm to 760 nm).
The exoatmospheric solar flux was taken from WMO (1986). The solar flux is then
calculated as a function of altitude, latitude, and season at each time step, including the
effects of absorption by 02 and 03 and multiple molecular (Rayleigh) scattering. The
absorption cross sections and quantum yields include temperature and pressure dependence
where appropriate and available. The Schumann-Runge band region of the 02 absorption is
modified to match the more recent lower cross sections of the 02 Herzberg continuum
region using the technique of Allen and Frederick (1982). The photolysis of NO is also
treated through the parameterization technique of Allen and Frederick.
The nonlinearity of the photochemistry with respect to diurnal averaging is accounted for
through the calculation of altitude, latitude, and seasonally varying factors for each
photochemical process. The full diurnal variability of each specie is calculated off line for
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four seasons.Thefactors,relatingindividualprocessratesfrom thefull diurnalcalculation
to thediurnallyaveragedvalues,arethensplineinterpolatedfor eachtimestep.
Membersof the ClOy family thatarecurrently thoughtto play arole in the Antarctic
springareincluded,suchastheC10dimer,but thepolarstratosphericaerosolsurfaceis not
currently included. A representationof backgroundstratosphericsulfuric acid aerosol
surfaceis included,following the recommendationsfrom theWMO report (1992). The
reactionsof N205 andCIONO2with H20 on theaerosolsurfaceareparameterizedasfirst-
order loss processes,with rate constantsdeterminedby specifiedsurfaceareadensity,
collisionfrequency,andreactionprobability.
MODEL TRANSPORT
Currently two forms of the dynamics portion of the two-dimensional code exist. In the
first formulation the circulation field is obtained by a diagnostic approach using a known
temperature distribution. This temperature field varies continuously over the annual cycle
and is based on the reference model of Barnett and Corney (1985). With the known
temperature field and a calculated net heating rate (which includes latent heating), the zonally
averaged transformed Eulerian mean continuity and the thermodynamic equations form a
system of equations with only two unknowns: the horizontal velocity v* and the vertical
velocity w*. The fight side of the thermodynamic equation includes only the net heating
rate, not any eddy diffusion of energy. Introduction of a streamfunction combines these
two equations into a single equation, which is iterated to obtain a circulation field in terms of
the streamfunction. The velocity fields, v* and w*, are then obtained from the
streamfunction.
The transport of chemical species is accomplished through both advection and turbulent
eddy transport. Advection terms are treated using the second-order, two-dimensional
transport algorithm of Smolarkiewicz (1984). The transport caused by large eddies and
very small scale motion is parameterized .thr°ugh the diffusion coefficients,. Kyy.and. Kzz.
Values of Kyy and Kzz do not vary w_th annual cycle, but are different w_thm the
troposphere and stratosphere. The value of Kyy in all stratospheric altitudes and latitudes is
2 x 105 m2 s-1 and 5 x 106 m2 s-1 in all tropospheric altitudes and latitudes. Likewise, the
value of Kzz in the troposphere is 5 m2 s-l, while Kzz in the stratosphere is based on gravity
wave studies and having values of 0.1 m2 s-1 in the lower stratosphere increasing to 16 m2
s-1 near the stratopause. The tropopause is treated as an annual mean but latitude dependent
function of the temperature field. The height of the tropopause varies from 8 km near the
poles to 14 km at the equator.
New Formulation of Transport
In the second formulation the circulation field is obtained using the approach of Garcia
and Solomon (1983). Full implementation of this approach is not complete, therefore, we
still use known temperature and zonal mean wind fields. Both the temperature and zonal
mean wind field vary continuously over the annual cycle. The temperature field is based on
the reference model of Barnett and Corney (1985), whereas the zonal mean wind is based
on data from Fleming et al. (1988). The method used to obtain the circulation field is the
zonal mean momentum equation and the thermodynamic equation combined into a form that,
along with the thermal wind equation, yields a second-order diagnostic equation for the
residual mean meridional streamfunction. This streamfunction is defined so that the
continuity equation is solved exactly. The coefficients in front of the streamfunction terms
on the left side of the equation are functions of known quantities, namely, the coriolis force,
zonal mean wind, scale height, temperature field, a global reference altitude-dependent
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temperaturefield, and the Brunt-Vaisala frequency. The model averagesthe known
temperaturefields seasonallyto provideanaltitude-dependentreferencetemperaturefield
from which analtitude-dependentBrunt-Vaisalafrequencyiscalculated.Theright sideof
thestreamfunctionequationincludesthenetheatingratetermandtheEliassen-Palmflux
representingwavedriving. Thenetheatingrateis calculatedknowingthetemperatureand
chemicalspeciedistributionandincludeslatentheating.Thepresentcodedoesnot includea
separateplanetaryor gravitywavecalculation,but insteadcalculatestheEliassen-Palmflux
directly from thezonalmeanmomentumequation.This is doneby simply calculatingthe
left sideof thezonalmeanmomentumequationusingtheknownzonalmeanwind field and
approximatevaluesof v* and w*, which were obtained from a diagnostic interaction
betweenthecontinuityandthermodynamicequationswith aknowntemperaturefield. The
fight-handside alsoincludesa very smallvalueof Rayleighfriction (about0.1 day-1) to
accountfor small-scaledisturbances.With all termsknown, thesecond-orderequationfor
thestreamfunctionisevaluatedandthenusedto obtainthevelocityfields.
Thetransportof chemicalspeciesis accomplishedthroughbothadvectionandturbulent
eddy transport. Advection terms are treatedusing the second-order,two-dimensional
transportalgorithm of Smolarkiewicz(1984). The transportcausedby eddy motion is
parameterizedthroughthediffusion coefficients,Kyy and Kzz. Values of Kzz do not vary
with annual cycle, but are different within the troposphere and stratosphere. The value of
Kzz in the troposphere is 4 m2 s-l, while Kzz in the stratosphere has values of 0.1 mTs-1 in
the lower stratosphere increasing to 0.25 m2 s-1 near the middle stratosphere and returning
to 0.1 m2 s-1 at the stratopause. Values of Kyy in the stratosphere are calculated using a
similar method to that of Newman et al. (1988) by dividing the zonal mean momentum
equation (i.e., the Eliassen-Paim flux) by the horizontal gradient of the quasigeostrophic
potential vorticity. In the stratosphere, a minimum value of Kyy has been established as 1 x
105 m2 s-1. The values of Kyy in the troposphere are assigned a value of 1 x 106 m2 s-1.
The tropopause is treated as an annual mean but latitude dependent function of the
temperature field. The height of the tropopause varies from 8 km near the poles to 14 km at
the equator.
Radiative Transfer Models
Solar Model
To capture the s_ctral detail needed for photodissociation calculations, our two-stream,
multiple-layer, UV-visible model uses 126 wavelength bins between 175 nm and 735 nm.
The two-stream approach was chosen because of the computational efficiency requirements
placed on radiative transfer models designed for inclusion in atmospheric chemistry models.
In this approach, solar radiation is effectively divided into direct solar radiation, downward
diffuse radiation, and upward diffuse radiation. The scattering of energy from the direct
solar beam within each individual layer is treated using the delta-Eddington algorithm,
which includes the dependence of scattering and absorption on the solar zenith angle. The
scattering of diffuse radiation (i.e., previously scattered radiation) from each individual layer
is modeled using the simpler Sagan-Pollack algorithm. Both algorithms allow inclusion of
the bulk optical properties of clouds and aerosols. Finally, the adding method is used to
calculate irradiances throughout the vertically inhomogeneous atmosphere.
z
Infrared Model
The RADIR infrared model that we have been using for several years is a version of the
model described by Harshvardhan et al. (1987). For our use it has been modified to
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improvethe accuracyin the upperstratosphereandincludesabsorptionandemissionby
CO2, 03, and H20. It is basedon wide-band parameterizationsfit to line-by-line
calculations.Inhomogeneousabsorptionpathsareincludedby pressure-andtemperature-
weightedscalingof tracegasabsorberamounts.The modelprovidesfor specificationof
fractionalcloudcoverwithin eachverticalmodellayer. Separatefractionscanbespecified
for convective(deep,overlapping)andrandomlyoverlappedclouds.
As partof oureffort to developa new infrared,radiative transfermodelbasedon the
correlatedk-distributiontechnique,wehaveacquiredasubstantialcapabilitytocalculatethe
absorptionpropertiesof commontracegases.We havetheHITRAN-91 spectroscopicdata
basereadily availableon our workstationnetwork. Temperature-dependentabsorption
cross-sectiondatafor anumberof CFCsareincludedwith thesedata. To makeuseof these
data,wehaveaversionof FASCODEmodifiedto facilitatethecalculationof pressure-and
temperature-dependentabsorptioncoefficients.A final processingprogramis availableto
calculateabsorptioncoefficientfrequencydistributionsfrom thesedata.
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MPIC Two-Dimensional Model
C. Bruehl and P.J. Crutzen
Max Planck Institute for Chemistry
GRID
Surface to about 60 km, log-pressure grid with about 2 km resolution in the vertical;
finer grid with about 600 m resolution near the surface. 10 degrees in latitude from 85S to
85N. Dynamical quantities are given on staggered grid for the central differencing.
TRANSPORT
The precalculated diabatic circulation in the stratosphere is based on our radiation
scheme (Bruehl and Crutzen, 1988) using observed temperatures (MAP) and ozone
(CIRA/Shine). In the troposphere mean winds from observations are taken, including a
strong Hadley circulation. The two schemes are connected using streamfunction and global
vertical mass flux. Winds are given monthly.
The eddy coefficients Kyy, Kyz and Kzz are derived empirically for each season. Kyy
typically is on the order of 1010 cm2 s-l, Kyz +/- 106 cm2 s-1 in midlatitudes, Kzz larger
than 103 cm2 s-1 with minimum at the tropopause. Usually flux boundary conditions.
CHEMISTRY
Family technique for Ox, Nx, Clx, Hx, and Brx; HNO3, and HCI are transported
separately. There are about 75 species, including chlorofluorocarbons and some
intermediate decay products. Simplified scheme for non-methane hydrocarbons. In total
about 150 chemical reactions including the most important heterogeneous ones on sulfate
and, optionally, polar stratospheric clouds (PSCs). Combination of analytical and
numerical solution methods. Rainout of HC1, HNO3, HF, and some other species in the
troposphere following Crutzen and Gidel (1983).
The timestep is 2 hours; fully time dependent with diurnal cycle. Monthly temperatures
are fixed. Diurnal cycle of photolysis rates is calculated every 15 days.
RADIATION
Solar radiation for photolysis rates and heating: six values for the diurnal cycle (2-hr
step). Multiple scattering at air molecules, aerosol particles, and climatological clouds
treated with the modified delta-two stream method of Zdunkowski (1980) (see Bruehl and
Crutzen, 1988, 1989). Ground albedo from climatology: 176 spectral intervals, 1-nm
resolution between 300 and 320 nm, Allen and Frederick (1982) scheme for Schumann-
Runge bands.
INFRARED"
Modified broadband-model of Ramanathan (1976) for CO2 (Kiehl and Ramanathan,
1983), 03 and H20; CH4, N20, and CFCs included.
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MRI Two-Dimensional Photochemical Model
Toru Sasaki
Meteorological Research Institute
A tape of the results from the two-dimensional model from the Japanese Meteorological
Research Institute was submitted to the Upper Atmosphere Research Program in December
1991. Dr. Sasaki was unable to attend the February Models and Measurements Workshop, but
results from his model runs were included in our comparisons. Calculations from this model
were presented in Section 8.3 of WMO Report No. 25 (1992), and it is assumed that the model
description is the same as that presented in Section 4.13 of Conference Publication 3042 (NASA,
1988). I appreciate the participation of Dr. Sasaki in this comparison activity. (Reported by E.
Remsberg.)
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NCAR Model: Specifications, Limitations, Goals
Guy Brasseur, Claire Granier, Ian Folkins, and Stacy Waiters
National Center for Atmospheric Research
Matt Hitchman
University of Wisconsin
Anne Smith
University of Michigan
The model, described in Brasseur et al. (1990), extends from the surface to 85 km, with
a vertical resolution of 1 km, and from 85S to 85N, with a latitudinal resolution of 5
degrees. Radiation, chemistry, and dynamics are treated interactively above the tropopause.
DYNAMICS
A descri_i_0no_ t_e dy am 3aiaspects 0(the modef_Sgiven in Brasseur and Hitchman
(1987), Hitchman and Brasseur (1988), and Brasseur et al. (i990), and in the Fort Meyers
comparison edited by Jackman et al. (1989). Temperature and tracer families are integrated
semi-implicitly with a 15-day time step. Zonal winds are diagnosed from thermal wind
balance and are used to determine the body forces due to Rossby and gravity waves and
corresponding distributions of vertical and meridionai eddy diffusivities. The body forces
and net heating rates are used to diagnose the residual circulation, hence advection terms for
the next time step. The streamfunction solver usesan internal boundary condition at the
tropopause which may be tuned to obtain a good "Dobson diagram." It exerts a powerful
control on the temperature and the circulation well into the stratosphere.
The most notable limitations at present are the tropopause boundary condition on the
streamfunction and tropical dynamics. For a perturbation scenario, the circulation at the
tropopause cannot change, causing spurious return flows near the tropopause. The
observed behavior of aerosols and radioactive tracers highlights the need to include the
quasi-biennial ocscillation (QBO) and semiannual oscillation (SAO) dynamics.
A more flexible tropopause condition is being tested on the streamfunction, allowing a
portion of it to change with model dynamics. To represent the QBO and SAO, we are
integrating both the temperature and momentum equations, blending them at each time step,
Kelvin waves and mixed Rossby gravity waves will be included in a similar fashion to
gravity and Rossby waves by specifying phase speeds and forcing amplitudes within a
linear WKBJ context.
Another goal is to reassess the distributions of mixing coefficients, with particular
attention to the tropopause region. Rapfd poleward and downward transport within a few
kilometers of the tropical tropopause seen in tracer data suggest the need to include the
effects of inertio-gravity waves and synoptic-scale Rossby waves that partially penetrate the
stratosphere.
CHEMISTRY AND RADIATION
The model calculates the distribution of 56 species. The concentrations of the long-lived
species (CO2, CO, N20, HNO3, N205, H, H2, H202, H20, CH4, HCN, CH3CN, CC14,
CFCI3, CF2C12, CH3CCI3, CH3C1, CFC-113, CFC-114, CFC-115, CFC-22, Halon 12-
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11, Halon 13-01,CC120,CC1FO,CF20, HF, CH3Br, OCS, SO2,HSO3,H2SO4)are
calculatedby solvingafull continuity/transportequationfor eachof them. Theshort-lived
speciesaregroupedinto long-lived families(Ox= 03 + O(1D) + O(3P), NOy = N + NO +
NO2 + NO3 + HO2NO2 + C1ONO2 + HNO3 + 2 N205, Clx = C1 + C10 + HOC1 + HCI +
C1ONO2 + OC10 + 2 C1202, Brx = Br + BrO + BrONO2 ÷ HBr + HOBr) for which a full
continuity/transport equation is solved. The concentration of each individual fast reacting
species is derived by assuming photochemical equilibrium for the fastest reacting species,
and by using a time integration method (Hesstvedt et al., 1978) for the other compounds.
The model calculates the 24-hour average of the concentration of each specie from the
surface to 85 km altitude.
The rate of the reactions is based on JPL Publication 90-1 (1990). The
photodissociation rates are calculated by spectral integration, using the 171 wavelength
intervals specified by Ackerman (1972). These correspond to a resolution of 500 cm-1
(wavenumber) between 117 and 308 nm, of 2.5 nm (wavelength) between 310 and 645 nm,
and of 5 nm between 650 and 730 nm. The solar irradiances are specified according to
Brasseur and Simon (1981). The absorption cross sections are from JPL (1990). The
absorption cross sections as a function of temperature for N205 and for the CFCs are from
Simon et al. (1988). The method used to calculate the photodissociation coefficients
includes multiple scattering and albedo and is based on the methodology of Fred Luther
(private communication): six orders of scattering are considered together with absorption by
02 and 03. The surface albedo is specified. Penetration of solar UV in the Schumann-
Runge bands is calculated by the parameterization of Nicolet and Kennes (1989); for the
photolysis of NO, the parameterization of Nicolet (1979) is used. The diurnal average of
the photodissociation rates is approximated by a 4-point integral between sunrise and sunset
(Cunnold et al., 1975). This procedure allows one to calculate accurate mean
photodissociation rates for different altitudes, latitudes, and season with minimum computer
COSTS.
The mixing ratios of the transported species are solved in a two-stage process. First, a
system of algebraic equations is formed by replacing all spatial operators with second-order,
centered, finite differences and by approximating the temporal derivative with a backward
Euler (fully implicit) analogue. Second, the system of nonlinear, algebraic equations is
solved via an iterative fixed-point method that allows each specie to be independently
computed over the spatial domain. At each time step the "photochemical" species are solved
before the transported species via a fixed point method.
The net diabatic rate is calculated by using the radiative code of the NCAR community
model (CCM1, Kiehl et al., 1987). The radiation code uses the CO2, H20, and 03
distributions calculated by the chemistry/transport model. Below the tropopause,
temperatures are specified from the monthly mean climatology of Randel (1987).
The water vapor in the troposphere is calculated as a function of the temperature for a
specified relative humidity. Above the tropopause H20 is calculated as a regular chemical
species.
Parameterizations of the heterogeneous processes occurring on the surface of the polar
stratospheric clouds (PSCs) are included: type I PSCs are assumed to be formed in less than
1 time step as soon as the temperature decreases to below 195K. Type II PSCs are assumed
to be present in the regions where the temperature drops below 191K. These temperatures
are higher than the thermodynamical ones to account for the fact that the temperature
calculated by the two-dimensional model represents zonal averages, which are higher than
that of the coldest air masses at a given latitude. The conversion of HC1 and C1ONO2 into
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chlorine radicals is assumed to take place in less than a time step. Inside PSCs II,
dehydration and denitrification are assumed to occur with a 5-day time constant. Where
PSCs I are present, no dehydration takes place, but a weak denitrification is assumed to
occur, with a time constant of 30 days. When the sun returns over the polar regions, ozone
is destroyed by the classic catalytic cycles and through cycles involving C1202 and BrO.
For the calculations concerning the effects of sulfate aerosols, the values of the mass
accommodation coefficients and of the aerosol surface area densities recommended in the
UNEP report have been used.
One important limitation of the model is that only 24-hour average values of the
concentrations are presently calculated. We are now in the process of including the effect of
diurnal cycles. The model will occasionally calculate the diurnal variations of species by
going to a much smaller time step of about 15-30 minutes, Based onTtifC-tfaia_tWhitten
(1978), we will calculate diurnal factors that enfiance reactlon rates betweeh_s_cies that
have positively correlated diurnal variations and diminish reaction rates between negatively
correlated species.
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NOCAR Two-Dimensional Model
Rolando Garcia and Susan Solomon
National Oceanic and Atmospheric Administration
National Center for Atmospheric Research
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Species distributions for the selected present-day atmosphere comparisons in Volume II were
performed with the model version described in Conference Publication 3042 (NASA, 1989).
The model runs for N20 and CH4 (section E) and for the X1/X2 tracer experiment (section O)
were conducted with an updated version of the NOCAR model (Garcia, 1991; Garcia et al.,
1992). It is a wave-mean flow, interaction model. The zonal mean dynamics are derived from the
momentum equation plus the transformed Eulerian mean meridional circulation. The temperature
field is obtained from the zonal wind assuming a gradient wind balance. A single planetary wave
model is coupled to the zonal mean equations, and there is a parameterization for planetary wave
breaking. (Reported by E. Remsberg.)
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OSLO Two-Dimensional Transport Chemistry Model
Ivar Isaksen
University of Oslo
Frode Stordai
Norwegian Institute for Air Research
Total ozone from the OSLO model was included in the comparisons for section C. These
model results were obtained from calculations described in section 8.3 of the report entitled
"Scientific Assessment of Ozone Depletion: 1991" (WMO, 1992). It is assumed that the
description of the model in Section 4.15 of Conference Publication 3042 (NASA, 1989) is still
appropriate for this model. (Reported by E. Remsberg.)
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WASH Two-Dimensional Model
K.K. Tung, H. Yang, and E. Olaguer
University of Washington
The model has coupled dynamics, radiation, and chemistry, requiring only the
observed temperature as input, and the specification of lower boundary conditions. The
version of the model used for the current intercomparison has been extensively
documented in the literature (see Yang et al., 1990, 1991 and Olaguer et al. 1992).
DYNAMICAL ASPECTS OF THE MODEL
The dynamical t]'ansport formulati0n is as givenin Tung (i-982, 1986) and Yanget al.
(1990, 1991). The model is based on a self-consistent, non-geostrophic formulation in
isentropic coordinates. The isentropic mixing coefficient, Kyy, is calculated from the
zonal momentum equation using the same National Meteorological Center (lqMC) input
temperature as that used in the calculation of advective transport from radiative transfer.
The model year corresponds to the temperature input year. The vertical coordinate is
log(potential temperature) above 350K and log(potential temperature/surface potential
temperature) below 350K. The lower surface is currently specified to be at P = 1000 mb,
but an actual (variable) surface pressure can be specified, if desired. The zonal average is
taken on the surfaces of constant vertical coordinate.
No gravity wave cross-isentropic mixing is incorporated. Consequently there is no
vertical diffusion in the model stratosphere Kzz. No Kzz is included, even in the
troposphere.
The Prather advection scheme (Prather, 1986) is used. The meridional domain of the
model is from pole to pole in increments of 10 degrees of latitude. The vertical domain is
from ground to 8 pressure scale-heights in increments of about 2 km.
RADIATIVE TRANSFER CODE
A detailed documentation of the radiative-transfer code can be found in Olaguer et al.
(1992), where comparison with line-by-line calculations were made and error quantified.
The errors in heating rates are generally about 5% or 0.05K per day in the lower
stratosphere, when comparisons with line-by-line results are available. The model's net
heating is globally balanced to within 0.1K per day in the lower stratosphere using
observed inputs, and less when ozone is model generated. The imbalance is uniformly
subtracted from the local net heating in the stratosphere. In the troposphere, latent
heating, which is uncertain, is decreased or increased to enforce strict mass balance.
Three layers of clouds are assumed in the troposphere.
Some relevant information for the current intercomparison experiments are given
below.
Photochemical reaction rates and cross sections are from JPL Publication 90-1, except
for the following:
(1) k[OH + CH4] = 3.9E - 12 exp(-1885/T), as recommended for intercomparison.
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(2) Thermal decomposition rate of N205 and photodissociation cross sections for
H20 and CCIF2CCI2F are from Baulch et al. (1982).
(3) Zenith angle-dependent cross sections for NO and 02 are computed from the
parameterization of Allen and Frederick (1982), with Herzberg continuum cross
sections taken from WMO (1986).
(4) Rayleigh scattering and ozone photodissociation cross sections are from WMO
(1986).
PHOTOCHEMISTRY
Details of the photochemical package can be found in Yang et al. (1991). Family
grouping is adopted for the Ox, NOy, HOx, and ClOy. The long-lived species are
advected (and diffused) by model-calculated transports, while short-lived species (except
the diurnal species) are calculated algebraically under the assumption of photochemical
equilibrium. All photochemical processes are assumed to take place only in daylight.
SPECIFIC TO THE INTERCOMPARISON EXPERIMENTS
For the current intercomparison experiments, some shortcuts were taken, e.g.,
tropospheric chemistry was switched off and water vapor was specified from observation:
Limb Infrared Monitor of the Stratosphere (LIMS) in the stratosphere and Oort's
climatology in the troposphere. [Only the January and April data for LIMS were used,
which cover 64S to 84N and from 100 mb to 1 mb. Data are extrapolated beyond 64S
and 84N, and above 1 mb using the constant value from the last grid point. The poles are
reversed for July and October (from January and April). Oort's climatology for January,
April, July, and October were specified between 1000 mb and 100 mb. A sinusoidal
function is used to interpolate the 4 months into an annually varying field.]
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Chapter 5
Commentary on Models and
Measurements Intercomparison
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Some modeling groups have provided their "ediwrial commentary" of this Workshop
experience. This commentary was optional, but it does represent a response concerning
individual model status and performance and or recommendations for future inter-
comparison efforts.
AER Model
Malcolm Ko, Debra Weisenstein, Run-Lie Shia, Jose Rodriguez and Dak Sze
Atmospheric and Environmental Research, Inc
The publication of this report marks a milestone in the intercomparison exercise.
Speaking for our group, we were so overwhelmed with meeting the deadlines for turning
in the data and performing analyses on our assigned section that when bits and pieces of
the different versions of the three-inches-thick draft report trickled in after the workshop,
we hardly had the energy to wade through the document. Our priority at that point was to
make sure that the model results we submitted were correctly reproduced. With the
publication of the report, we will start the real work of figuring out how the model
performed and what improvements are needed.
The AER model analyzed in this report is a 2-dimensional chemical-transport model
with specified circulation, temperature, and water vapor. Therefore, a useful phase of the
intercomparison for us was to compare our model inputs with the "best" available global
data sets of temperature, net heating (or circulation), and water vapor. The NMC
temperature data set and the SAGE II water vapor data set can easily be incorporated into
our model. Though we are aware that the circulation used by our model is far from ideal,
how best to improve it is not straightforward, given the competition between advection
and diffusion in determining model transport. Rather than improve the specified
circulation in our present model, we plan to continue development of our interactive
model, which has been operational for several years though it produces a less-realistic
ozone distribution than the chemical-transport model.
Each model has its own strengths and weaknesses based on the emphasis of the model
developers. Because our model does diurnal chemistry with 17 time points per day, we
believe that it better evaluate heterogeneous mechanisms than a model that calculates
only diurnal average species densities or daytime and nighttime average species densities.
However, each model must strive to reproduce a wide range of atmospheric observations.
Unlike the model input parameters, failure of model outputs to match observations does
not immediately lead to ways for model improvements. Not surprisingly, modelers tend
to spend their effort in areas where there is disgreement between model results and
observations. Often, they do not ask why the model produces good results even though
they know that such results may be due to fortuitous choice of parameters. Knowing how
other models perform provides a benchmark to determine what needs explaining. We
hope this would be a new emphasis for future publications. An ideal way to deal with
this in future intercomparison exercises would be to ask one group that does well and
another group that does poorly on a particular exercise to work jointly on that area.
Everyone recognized that if one is interested in how ozone responds to a perturbation,
one must identify and validate the mechanisms that control the present-day ozone
concentration. Thus, the exercise must go beyond mere comparison of the observed and
calculated ozone. The set of diagnostic studies was designed to examine specific
mechanisms. Experiments K, L, and M address the issue of photochemical interactions,
making use of simultaneous measured concentrations of different photochemically-active
PREL'_-=O;NG P_E B!.ANK NOT F_ILMED
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species.In theseexperiments,therole of transportis minimized. This is to becontrasted
with theresultsfrom experimentsE, F, G andH, in which therole of transportcannotbe
isolated. It is interestingto notethatwhile theoccurrenceof heterogeneousconversionof
N205 to HNO3seemsto besupportedby diagnosticstudiesbasedon in situ aircraftdata,
theconclusionis lesscertainfor studiesbasedon large-scaledata(seediscussionon the
columnabundanceof NO2in experimentG). Additional datafrom SPADEshouldhelp
to resolvethis.
Therole of transportonozoneis moredifficult to quantify. ExperimentN is a first
attempt to do this, along With other diagnostic Studies(experimentO). In addition,
experimentsA through H all contain information relevant to this issue though it is
difficult to isolatetheeffectof transportin interpretingtheresults. The samecanbesaid
about experiments I and J, which are more concernedwith the transport near the
tropopauseand the residencetime of aerosolparticles. It is importantthat moreeffort
shouldbe put into studyinghow transportmodulatesthe ozoneresponseto chemical
perturbations.
We plan to go aheadwith our model improvementsbasedon the results of the
intercomparisonexercise.Our emphasiswill beon specificmechanismsandour priority
will beon aspectsthat will affect the responseof ozoneto perturbations. Short-term
improvementsto our model, which arealreadyunderway, include an increasein the
vertical resolutionfrom 3.5 km to 1.2km, adoptionof the new parameterizationof the
Schumann-Rungeband 02 absorption cross-sections,and incorporation of the most
recentJPL-92raterecommendations.
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Du Pont Two-Dimensional Model
D. A. Fisher, C. Miller, C. H. Hales,
R. W. Nopper, Jr., and D. L. Filkin
Du Pont Experimental Station
MODEL PERFORMANCE
We made a number of revisions and improvements to our two-dimensional (2-D)
model prior to the workshop, including
• New residual mean flow parameterization, based on calculated diabatic circulation,
with consideration also given to observed lower stratospheric distributions of N20 and
CH4 from balloon measurements
• Reduced values of eddy diffusion parameters throughout the stratosphere
• Greatly increased latitudinal resolution (25 grid points pole-to-pole), and
conversion from sin (latitude) coordinates to straight latitude coordinates (to obtain
additional enhanced resolution near the poles)
• Improved numerical methods for handling advection dominated transport of
individual species (no family grouping).
In view of these changes, we were gratified to find that the model, in our estimation,
performed fairly well. It generally agreed with the vast majority of the data on long-lived
tracers, and in no instances were our results excessively out of line. In key model
intercomparisons of photolytic reaction rates, heating rates, and short lived tracer
distributions, we were in good agreement with other models, considering the inherent
differences in the transport specifications.
We attribute our good agreement with the long-lived tracer data to use of lower
vertical residual mean flow velocities for the lower stratopshere, compared to other
models. We believe that the diabatic circulations employed in many 2-D models
overestimate the velocities in the lower stratosphere. This may be due to neglecting
clouds in the thermal IR portion of the calculation when deriving the diabatic circulation.
Farther, we believe that the calculated net heating rates in the lower stratosphere are very
uncertain and difficult to determine precisely. It may be desirable to use other tracers
(besides potential temperature) to deduce the residual mean circulation.
FUTURE MODEL DEVELOPMENTS
The current version of our model features a transport parameterization that is
symmetric with respect to the equator (indexed 6 months), and therefore is not able to
reproduce certain features of the observed column ozone distribution (Duetsch diagram).
We intend to place high priority on modifying the eddy transport parameterization to
suitably account for differences between the hemispheres.
We also intend to improve the water vapor parameterization in our model for the 10-
20 km region,to better match observational data from SAGE II (water vapor is calculated
as an active species above 20 km in our model).
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We alsoplanto improvethetreatmentof clouds in our model in calculating solar
radiation transport and photolytic reaction rates. We believe that improved methods of
treating clouds are necessary for making accurate estimates of OH abundances below
cloud altitudes and thus lifetimes and profiles for CFC alternatives and other
hydrogenated species. _ _
OVERALL VALUE OF M&M 92
We found the M&M 92 Workshop of great value. It helped to verify key portions of
the model calculations, such as the determination of photolytic reaction rates. It also
helped to highlight differences among models and provide a better understanding of
factors that contribute to differences in results.
The developrnent and maintenance of an observational data base for atmospheric
measurements is perhaps the key product of the workshop. It provides for the first time
an authoritative set of data with which to compare model results. Such comparisons at
the workshop identified a number of areas in which models are not in good agreement
with the observations, including
• Altitude of the ozone maximum mixing ratio
• "Smile" in the ozone mixing-ratio contour plots.
Another key advantage of the workshop was that it enabled modelers and
measurement people to network in a setting that encouraged close ties and valuable
communications.
We feel there is a need for more workshops of this type in the future.
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GSFC Two-Dimensional Model
Charles H. Jackman and Anne R. Douglass
NASA/Goddard Space Flight Center
The whole models and measurements intercomparison activity, while time consuming, was
extremely useful to us. Although we have tried over the years to compare our model results to
measurements, the intercomparison provided far greater access and ease of comparison of our
model results to familiar as well as many other datasets. We feel fortunate to have been a part of
this learning experience.
The Upper Atmosphere Data Pilot, which served as the repository for all the model and
measurement information, has been shown to be an extremely valuable resource. Linda Hunt
and Karen Sage have eased the pain of model/measurement and model/model comparisons
dramatically through their expertise in manipulating and plotting large datasets.
Our two-dimensional (2D) model, like other 2D models, is not perfect and we hope to
improve it as a result of this activity. On the one hand, we were pleased with our model results
compared to ATMOS measurements, measurements of Ruiz aerosol settling, and measurements
of HF, HCI, and CH4. On the other hand, we were disappointed in our model comparisons to
carbon-14, strontium-90, high latitude column ozone, and high latitude lower stratosphere long-
lived tracers. It was also clear from this activity that some large differences among the models
involved the photodissociation rates.
We plan on improving our model by 1) working on the dynamical representation of the lower
stratosphere and upper troposphere, 2) improving our heterogeneous chemistry representation,
and 3) evaluating our photolysis rate computation. We hope to improve our dynamical
representation of the lower stratosphere and upper troposphere by determining the proper latent
heat to use, the impact of the tropopause height, and the impact of vertical diffusion coefficients.
We intend to add polar stratospheric cloud chemistry to our model as well as include more
heterogeneous reactions that occur on stratospheric sulfate aerosols in our model. We also plan
on evaluating our photodissociation rate computation, including the multiple scattering
formulation, to determine if there are any apparent problems in this part of our model.
We suggest that these types of intercomparison activities be held every several years as they
are useful and educational experiences. We would also suggest that more constraints be placed
on certain comparisons, such as those involving the photodissociation rate computation, in order
to help understand model differences.
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ITALY Two-Dimensional Model
G. Pitari, G. Visconti, and E. Mancini
University of L'Aquila ....
The two-dimensional model developed at the University of L'Aquila (Italy) participated in 13
of the i-5 experiments designed for the 1992 M&M campaign with encouragi-ng resuhs,
pm'ticularly for the experiments related to species transport. Many nice features of the two-
dimensional model are related to its strict interaction with a quasi-geostrophic three-dimens_onal
model from which heating rates, diabatic circulation and diffusion coefficients are deduced. The
heating rates are consistent with the ozone distribution predicted by the three-ch_ensFonal model.
The two-dimensional model, in turn, has the advantage of incorporating at a relatively [owercost
a much more detailed photochemical code in such a way that several different sensitivity tests for
stratospheric trace species can be easily performed. The calculated, zonally averaged steady
state distributions of NOx, Cly and HOx may be used as input for the 03 photochemical code in
the three-dimensional model, so that the feedback between two-dimensional and three-
dimensional is complete. In general, the ozone distribution predicted by the two-dimensional
model does not differ greatly from that calculated with the three-dimensional model, thus
proving the consistency of the calculated set of transport parameters.
Correlation diagrams of long-lived species shows a generally larger spread of points for the
ITALY model than for other models, although a clear differentiation of points by latitude is
found. As would be expected, points corresponding to the tropical latitude band are the most
scattered.
More work should be done on photochemistry, in particular for:
• An updated calculation of photodissociation coefficients in the Schumann-Runge bands
• A more detailed scheme for Rayleigh scattering in the lower atmosphere
• A more explicit scheme for diurnal variations.
For future experiments of model intercomparison we believe it is important to give more
emphasis to heterogeneous chemistry on different kinds of stratospheric aerosol particles.
Modeling groups should try to include aerosol microphysical codes of differing complexity for
more meaningful experiments on ozone trends and HNO3, NOx, and HCI distributions. The
overall effect on ozone of heterogeneous chemical reactions over sulfate particles and PSCs may
be comparable to the result of some refinements in the gas phase chemistry that have already
been included in most two-dimensional models.
An effort should also be made to include QBO effects on large-scale transport using two-
dimensional modeling. For example, an experiment similar to the one for the Ruiz cloud could
be repeated in the future in a more meaningful way with the QBO effects included.
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LLNL Two-DimensionalModel
Douglas Kinnison and Donald Wuebbles
Lawrence Livermore National Laboratory
The NASA HSRP/AESA model data intercomparison has been a very useful exercise for our
group. Comparing model-derived species distributions to observed data is absolutely a necessary
component to validating our atmospheric models. Overall we are very pleased with the
agreement of the observed data with both the LLNL two-dimensional and the LLNLND two-
dimensional (New Dynamics) models.
At the time of this intercomparison, the dynamics representation of the LLNL two-
dimensional model was being updated (see Chapter 4) to a more realistic representation of eddy
diffusion processes. This task was partially completed and a small subset of the requested data
(column 03, CH4, N20, and carbon-14) was submitted to the UADP data base. In general,
species distributions are in better agreement with the new dynamical approach. For example,
column ozone distributions from the new dynamics, which show the Southern Hemisphere ozone
maximum now off the pole, are in better agreement with TOMS data. Also, the stratospheric
residence time increased, showing better agreement with carbon-14 (section I).
In reviewing all the sections, the LLNL two-dimensional model differed greatly from the data
and results from other models in the following two instances:
In section A, the model-derived net heating rate showed a band of cooling across all
latitudes. We ascribe this to an inconsistency in using observed temperature and model-
derived ozone to calculate our net heating rates. In the future this will not be a problem
when we finish updating the dynamical formalism. Our new model will involve a fully
interactive model in which temperature and the radiatively active species distributions will
be derived concurrently, thus giving a consistent net heating rate.
• In section G, the model-derived NO2 was higher in the upper stratosphere than SAGE II
data. We currently are investigating this difference.
Additional model development is continuing in order to meet the needs of the 1993 and 1995
assessments and for other studies needed by HSRP. The most important areas where model
improvement are needed are listed below:
Heterogeneous processes: We plan on studies to consider the sulfuric acid aerosol
formation, growth, and sedimentation. Coupling this capability to the LLNL two-
dimensional model will allow us to model heterogeneous chemical processes that may be
affected by increased emissions of sulfur dioxide from HSCTs or volcanic eruptions.
Enhanced Tropospheric Chemistry: Increased emissions of CH4, CO, NOx, and NMHC
from subsonic aircraft will affect hydroxyl radical and ozone concentrations in the
troposphere. Changes in the hydroxyl radical will change the amount of chlorine-
containing species that reach the stratosphere. The resultant changing ozone
concentrations will affect the radiative forcing, and therefore, the climate. Having a
complete reaction set, including the organic nitrates, is needed to accurately represent
these feedbacks.
• Improved Dynamical Representation: As mentioned above we are currently modifying the
dynamical approach used in the LLNL two-dimensional model.
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• Seasonally-VaryingTropopauseHeight: Accurateknowledgeof this altitude level at all
latitudes as it responds to seasonal variations in temperature profiles is essential to the
proper modeling of stratospheric-tropospheric exchange.
• Excited 02 Chemistry Upper Stratosphere: We are currently studying the effect of
vibrational excited oxygen from ozone photolysis as a source of odd-oxygen in the upper
stratosphere. Currently model-derived ozone is approximately 20-40% lower than
observed data in this region.
L
• Schumann-Runge Cross Sections: We are developing a new fit to the Schumann-Runge
band region (175-205 nm) similar to the approach used by Allen and Frederick, but using
updated spectroscopic data.
i
• Infrared Model: We have designed andimpiemented a prototype correlated k-distribution
model for the infrared transmission of the individual molecules H20, CO2, 03, CH4, and
NO2, plus a combined mixture of these molecules in the atmosphere between 0 and 60 km.
The model substantially reduces computational complexity when compared to detailed
line- by-line calculations while providing accuracies to within ten percent of the line'by-
line calculations.
Cloud Properties: We are improving our cloud parameterization using frequencies of
occurrence and the amount, when present from satellite data. This is coupled with a
parameterization of the cloud optical depth based on cloud type and/or cloud liquid water
content.
To evaluate and understand the potential influence of subsonic and HSCT aircraft on ozone
and other important species, observed global data must be available in the 15-25 km region,
which currently is a very difficult region to model accurately. The model/data comparisons in
this workshop did not address this region. Without observed data to validate the chemical and
physical processes that occur in this region, confidence in model-derived species changes from
anthropogenic perturbations will be very uncertain.
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MPI Model
Christoph Bruhl
Max Planck Institute for Chemistry
Although other commitments prevented us from submitting all the required data to the UADP
data base in time, the M&M workshop was very valuable in letting us compare the performance
of our model with observations and the other models. Some comparisons have been done later
based on our standard output and the drafts of the different sections, A general finding is that our
model fits well into the range given in the intercomparison. The most important reason for
differing from the observations appears to be that we may have too much meridional and vertical
eddy diffusion in our transport scheme, a problem that was evident in the 14C-experiment and
also in the intercomparisons for NO,, N20, and CH4. For NO the magnitude and position of the
maximum are about right but th_i'e is too much Yspread to high latitudes. In the lower
stratosphere the meridional gradients in the middle latitudes are too shallow.
An important feature of the Mainz model is that it simulates the Hadley Circulation in the
troposphere based on mean observed winds, with the consequence that total ozone values in the
subtropics and tropics are in good agreement with observations. The diabatic circulation in the
high latitude lower stratosphere has to be improved; however, there are no strong winds in the
wrong direction as presented in Florida in some examples. One problem is to get a good data set
of observed ozone in the lower stratosphere (below about 30hPa) to compute the monthly fixed
diabatic circulation, a data set that is not available yet. For water vapor the condition at the
tropical tropopause should be improved since we assume too low mixing ratios there. Eddy
transport of water through the tropopause is not considered and also not recommended because
of too large a dependency on the model grid.
The figure below shows HNO3 and NO2 columns calculated using the MPI model with gas
phase chemistry only and with heterogeneous background (Back) and enhanced sulfate (Pina)
chemistry compared to the LIMS measurements.
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To model ozone in high latitude spring, it is essential to include PSC-chemistry, a problem
we are now working on. Except in the ozone hole regions the modeled distribution of ozone is
fair. By including the chemistry on sulfate aerosol, it is possible to get at least the columns of
HNO3 and NO2 in agreement with observations. Column abundances for HF and HCI in 1980
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are in fair agreementwith the cited observationsfor seasonaland latitudinal dependencein
ChapterG but areatthe low endof themodelsdiscussed.
Thephotolysisrates calculated by the Mainz model are in the range of the other participating
models. More differences than in Chapter K may appear if the models are intercompared in their
normal operational model including scattering by cloud droplets and aerosol particles. In Europe
another intercomparison of photolysis rates is now in progress which also looks for differences at
large solar zenith angles, which is important for polar chemistry. _ _
For comparisons with observations it is more reasonable to nJn models in a time-dependent
mode than in quasi-steady-state. Especially for HF and HC1 there is a significant difference. It
might also be useful to model nearly inert tracers like CO2. Another useful experiment might be
to prescribe the transport parameters and just intercompare the chemistry more generally than in
Chapters L and M. However, this might not be possible for all participating models because of
the many transport schemes.
i
f
i
7.
126
i
\

"y_rc,,31A_,,m,lurl-s arc
1. Report No.
NASA RP-1292, Vol. I
4. Title and Subtitle
Report Documentation Page
2. Government Accession No. 3. Recipient's Catalog No
5. Report Date
The Atmospheric Effects of Stratospheric Aircraft:
Report of the 1992 Models and Measurements Workshop
Volume I--Workshop Objectives and Summary
7. Author(s)
Michael J. Prather and Ellis E. Remsberg, Editors
9. Performing Organization Name and Address
NASA Office of Space Science and Applications
Earth Science and Applications Division
12. Sponsoring Agency Name and Address
National Aeronautics and Space Administration
Washington, DC 20546
March 1993
6, Performing Organization Code
_3, Performing Organization Report No
10. Work Unit No.
1t. Contract or Grant No.
13. Type of Report and Period Covered
Reference Publication
' 14. Sponsoring Agency Code
15. Supplementary Notes
Prather: NASA Office of Space Science and Applications, Washington, D.C.;
Remsberg: Langley Research Center, Hampton, VA.
16. Abstract
This Workshop on Stratospheric Models and Measurements (M&M) marks a significant
expansion in the history of model intercomparisons. It provides a foundation for
establishing the credibility of stratospheric models used in environmental assessments of
chlorofluorocarbons, aircraft emissions, and climate-chemistry interactions. The core of
the M&M comparisons involves the selection of observations of the current stratosphere
(i.e., within the last 15 years): these data are believed to be accurate and representative of
certain aspects of stratospheric chemistry and dynamics that the models should be able to
simulate.
17 Key Words (Suggested by Author(s))
The stratosphere; Observations; Chemical
models; Dynamical models; Ozone IDistribution StatementUnclassified - UnlimitedSubject Category 45
19. Security Classif. (of this report) 20, Security Classif. (of this page) 21. No. of pages 2.2. Price
Unclassified Unclassified 144 A07
NASA FORM 1626 OCT 86
x NASA-Langley, 1993

